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A two-microphone technique has been developed by fd
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Blaser, Chung, Seybert, and others for measuring the complex éj
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reflection factor, and through it the complex acoustic
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impedance, of a material surface in tubes containing air.
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The procedure consists of simutaneously sampling the
stationary acoustic field at two 1locations In front of an
engsonified sample. This thesis describes an extension of

this technique to measure the same characteristics in water-
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filled tubes. However, because of the close acoustic
coupling between the water and the tube walls, a number of
modifications were needed 1in order to implement the
technique. These included the development, after several
attempts, of a two-hydrophone system that did naot perturd
the acoustic field and yet was 1solated from any structure-
borne noise, and the development of more elaborate signal
processing procedures in which pulses of sound rather than a
continuous sound field were projected to ensonify the tube.
Subsequent measurements fandicated that the technique could
be performed in water using both pulsed and continuous sound
fields. A comparison of measured values of the complex
reflection factor of three different simple terminations
(air, steel, rubber), using the two-hydrophone techanique and
the more conventional standing wave ratio procedure, indicates

good agreement over the frequency range of interest, with
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CHAPTER 1

BACKGROUND

1.1 Introduction

The reflection and transmission of sound at a boundary
is an 1important problem 1in both atir and underwater
acoustics. In architectural acoustics for example, the
interaction of sound in a room with the surrounding walls is
a primary consideration 1in describing the acoustic fleld
within the room, A boundary can be considered as an abrupt
discontinuity of the material properties between the

acoustic fluid (air or water) and the bounding medium.

Two conditions mnust be satisfied at all times at the
surface separating the two media: 1) the acoustic pressures
on each side of the boundary must be equal, and 2) the
normal particle velocities at the surface must be the same.
Plane waves normally incident upon a flat boundary
constitute the simplest form of boundary owing to the
mathematical simplicity of formulating the above
constraints. In the time harmonic case, the two continuity
conditions at the interface can be satisfied by equating the
ratio of acoustic pressure over the normal component of

particle velocity on the {ncident side to the normal
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specific acoustic impedance Zn of the boundary. Since the i a
3 pressure and particle velocity may not be in phase at the !ﬂ
g boundary, the normal specific acoustic 1impedance may be kﬁ
2 : =
. complex: ;4
.'.1
Z, = ry + 3x, :

where r, is the resistive component and x, the reactive

component of the complex impedance.

The normal specific acoustic impedance of the boundary
layer relative to the characteristic or wave impedance, pc,
of the acoustic fluid determines the reflection and
transmission properties of the boundary. It {s therefore an
important parameter in predicting the performance of a
material in a particular acoustic application and a great
deal of effort has been expended since the turn of the
century developing methods to accurately measure the

specific acoustic ilmpedance of surfaces.

This paper 1s concerned with the feasibility of

adapting a specific measuring technique- the two-microphone

method, developed for measuring the specific acoustic '#

AR
impedance of materials in air using tubes, for use {in T
underwater applications. First however, 1t is ianstructive !1

to briefly review the various techniques that have been

developed to measure the specific acoustic impedance of a

boundary.
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1.2 Impedance Measuring Methods

The various schemes to measure the specific acoustic
impedance can be roughly divided into three major groups
including: [1]

l. Surface methods; where data such as volume velocity or
pressure is measured at or very near the surface of a
sample.

2. Comparison methods; where a known standard of acoustic
impedance 138 compared to a measurement wusing an
acoustic or electroacoustic bridge.

3. Transmission line methods, where data is taken somewhat
removed from the surface, and where sound traunsmission
is regarded as analogous with electromagnetic waves
propagating through a transmission 1line, which treats

one-dimensional propagation through a distributed
system of series inductance and shunt capacitance.

Beranek [l1] provides a8 comprehensive overview of the
various surface, comparison and transmission line methods in
common use up until 1948 to measure the acoustic impedance
of materials 4{in air. Bobber [2] gives a description of
procedures used to measure the properties of materials
including the acoustic impedance in underwater applications.

Transmission line methods are most commonly used today
because of their experimental simplicity, accuracy and their
realistic approximation to actual physical systems. Such
techniques commonly involve the transmission of sound
through pipes or ducts to insure that one-dimensfional plane

waves are normally incident on the sample material to be

L - - W T Y T T T ST T v ot LT e
= G0 2 b 20w o T N . ) .

Nl
bl

PRV DN ORI, Pl P WA GG W W P s W W e




D R Rrta s aa s i cusncaeaie v A AR A . '?
. 3
! L
B 1
- measured. A review of various tube techniques developed for .
> *
. air and underwater measurements and their historical -1
.. A
vﬁ development follows in the next two sections. %
- =
- ¥
L 1.3 Tube Techniques q
_. As previously stated, tubes or ducts are commonly used i
: in transmission 1line impedance measurements including the 2]

two-microphone technique under investigation in this thesis.
It i3 therefore 1important to understand the 1limitations of
treating sound traasmission through ducts by simple
transmission line theory.

The following is a brief description of sound
propagation through 1infinitly 1long ducts; for a more
detalled explanation see Appendix A. Such propagation can
be treated by solving the wave equation for the specified
tube geometry and boundary conditions. The wave equation is
satisfied by an infinite series of solutions (modes) which
define the acoustic field within the tube. The modes are
designated by integer numbers (m,n). In a cylindrical duct,
the m denotes the circumferential dependence of the pressure
distribution (the number of circumferential nodes) and the n

denotes the radial pressure distribution (the number of

radial nodes between the center and the outside radius) for
a particular mode. For finite length tubes, there would be

another discrete set of wave numbers corresponding to

resonances between the axial terminations. The (0,0) mode C =

.

designates a plane wave transmitted in the axial direction
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with wuniform pressure distribution across the duct cross
section (i1.e. the case treated by transmission line theory)
which propagates at a free-field sound velocity. All higher
order modes have a non-uniform pressure distribution and a
cutoff frequency. Below the cutoff, the mode will decay
expounentially in the axial direction (i.e. will not
propagate). Above the cutoff, the phase velocity of each
mode will be faster than the free field phase velocity.
Higher order modes in general are divided into two
classifications, non-spinning modes, (0,n), in which the
wave front travels in a purely axial direction, and spinning
modes, (m,n), in which the wave froant propagates in a spiral
fashion. As long as the excitation frequency is below all
higher order mode cutoff frequencies (1.e. the wavelength is
long compared with the radial dimensions), then the wave
propagation should be uniform across the duct cross-section,
the one-dimensional case treated by transmission 1line

theory.

1.3.1 In-Air Measurements

The flrst 1in-air measuring technique utilizing sound
transmission through a duct was offered in 1913 by H.O.
Taylor (3], who developed a method of measuring the sound
absorption of a materfal by wusing a representative sample
for the acoustic termination of a tube. By exciting a tube
at one end with a pure tone and then measuring the maximum

and minfmum amplitude of the resultant standing wave created
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PAGE 6
by the superposition of the wave incident upon and the wave
reflected from the end terminated by the sample, an
expression for the absorption of the material was obtained.
Taylor“s work relied on the research of Helmholtz, Kundt,
Kirchhoff, Rayleigh, Korteweg, Poisson and others, who
examined the physical processes of sound propagationm in
pipes. As early as 1817, Poisson had developed a
theoretical model of stationary waves for tubes of finite
length which Helmholtz later expanded. In 1820, Poisson
dealt with the case of an abrupt change in cross~section of
a tube as well as the reflection and transmission of sound
at normal incidence on the boundary between ¢two different
fluids [4]. In 1868, A. Kundt developed an experimental
method for analyzing the sound field in tubes; specifically
he measured the velocity of sound by using dust figures to
view standing wave patterns. Tubes 1in which acoustic
measurments are performed are frequently referred to as
“"Kundt tubes”. The effects of fluid friction and viscosity

on sound in tubes were investigated by Rayleigh [4].

Taylor s method was valid only for sound normally

incident on the sample material. The tube (with a diameter
much smaller than the smallest wavelength under
consideration) provided a convenlent means of ensuring

perpendicular incidence upon the sample.
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PAGE 7
The successful wuse of the concept of electrical
impedance precipitated the introduction of the term

“acoustical impedance” by A.G. Webster in 1919 ([1]. This
complex quantity of pressure divided by the normal component
of particle velocity at a given point accounted for all the
quantities involved in the reaction of an acoustical system,
and greatly simplified conceptual and notational problems.
Wente and Bedell ([5] 1in 1928 modified the mwmeasuring
technique of Taylor by accounting for the phase shift in the
nodes of the standing wave to include the calculation of

acoustical impedance.

This technique was further developed and refined by a
number of researchers [6-9]. The primary experimental
problems involved accurately measuring the sound pressure
within a tube, and thus defining the standing wave, without
perturbing the sound fleld. Several approaches to the
problem were offered. Taylor®s original method was refined
by Hall [6], who in 1939 developed an approach of imbedding
a small microphone 1in one side of a8 square measuring tube,
which could then be moved relative to the other gsides. R.A.
Scott [10], 1in 1946 used u small probe tube which was moved
along inside the main tube. A third approach suggested by
Bolt and Petrauskas [11] in 1943 but apparantly never
implemented, used two fixed microphones of known separation
to measure the pressure within the tube and thus resolve the

standing wave.
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The standing wave ratio method described above, in

which the phase and amplitude of the standing wave inside a

tube with a specific acoustic termination is determined, has

proved to be the most popular technique to measure acoustic
impedance. The technique has been refined to account for
&k losses through dissipation at the tube walls, and 1is
e generally considered quite accurate i€ the proper
precautions are taken [12]. There are, however, distinct
disadvantages in using such an approach. The technique {is
very time consuming 1in that the standing wave is typically
measured by manually traversing a microphone mechanism
inside the tube while exciting the tube at discrete
frequencies. It is suggested that the tube be at least one
wavelength long, which can be a significant problem at low
frequencies, The location of the first minimum must also be

determined with a high degree of accuracy to avoid errors

(13].

To circumvent these problems, Seybert and Ross in 1977

[t4] and Chung and Blaser in 1980 ([15] utilized wmodern

signal processing hardware to implement the stationary two-

-

]

microphone technique first introduced by Bolt and Petrauskas

e v
[T R 4

[11]}. The cross-spectral density or the transfer function -
- - between two microphones, measured during excitation of the ;
5; tube by broad band random noise, 1s used to resolve the ﬁ
;; incident and reflected flelds. This decomposition then | g
?g leads to the determination of the complex impedance. This j
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PAGE 9
method has the advantage of avoiding discrete excitation of
the tube and eliminates the need to manually transverse a
microphone to resolve the standing wave in the tube. The
result is that the two-microphone technique is not nearly as
time consuming, however, it requires a dual-channel spectrum
analyzer and complicated manipulation of data requiring

computing facilities.

1.3.2 1In-Water Measurements

The impedance measuring techniques thus described, have
been developed principally for making measurements {ia air.
Before and during the Second World War, considerable
attention was devoted to developing anechoic materiais for
use underwvater. The Germans were the first to develop
refined techniques for measuring the underwater acoustic
impedance of mate:ials as part of their effort to silence
submarines from sonar signals. The group of Walter Kuhl,
Konrad Tamm, Hermann Oberst and Eugen Skudrzyk, wunder the
direction of Ernst Meyer, systematically approached the
problen of making wunderwater measurements and are

responsible for much of our knowledge in this area [16,17].

The basic problem of applying the methods wused in air
to water involve the coupling of sound between the tube and

the water contained within it [16]. The impedance of water
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(Pc= 1.48 * 106 MKS Rayls) i3 much closer to steel (pe= 39,0

S,
JO—

* 10% Mks Rayls) than i{s the impedance of air ( c= 415 MKS

1
Rayls). As a result, a significant amount of water—borne ;
acoustical energy can be coupled into the tube itself. The i
resulting structure-borne energy can be reradiated into the ﬂ
water and interfere with measurements inside the tube. Some i
specific mechanisms 4{favolved in this coupling, and their %
effect wupon measurements made in tubes are discussed in %

Appendix B.

Gmelin and Seiberth appear to be the first to introduce

the Kundt tube 1into wunderwater sound techniques ([16].

Whereas measurements in air are made on standing waves

inside the tube during continuous excitation, the technique
used with water 1involves sound pulses of short durs:ion
allowing the temporal separation of the 1incident and
reflected fields. Tubes used in this manner are often
referred to as "pulse” tubes. In und erwater measurements,

sound absorption 1is wusually the most 1important quality

characterizing a material so that a simple comparison
between the amplitude of the wave reflected off a particular

absorbing surface with ¢the wave reflected off a completely

3
:

reflective surface will suffice. I1f acoustic impedance is

required, the phase as well as the amplitude differences

between the two filields must be considered.

There are several advantages in using sound pulses.

I X T

Less energy 18 coupled into the wall since the build-up time

-
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of the tube wall oscillations is long compared to the short

duration of the sound pulse. Typically one reciprocal
transducer located at the bottom termination of the tube,

can act as both transmitter and receiver, thus simplifying

C ks hdsaaladiiian TT

measurements. Samples can be tested under various pressures

as no transversing mechanism is 1involved which would j
complicate sealing the tube. Finally, anomalous behavior at ;
certain frequencies due to tube vibrations or other E
irregularities can be easily detected as extraneous or E
distorted pulses, so that measurements at these frequencies ;
can be weighted less heavily [16]. g
. The pulse technique has received almost wuniversal ;
acceptance as an accurate measurement of sound absorption a
for normally incident sound, where the phase change at the ;
reflecting surface 1s not required. Various researchers 5
have refined the technique and investigated in detail .

several aspects of the measuring scheme, including the tube
wall-water interaction and the effects of higher order modes

propagating inside the tube [17-21].

Impedance measurements using the pulse technique are
problematic however, on account of the difficulty in
measuring the phase change in the reflected wave. Various f
schemes have been developed to measure impedance using
pulses, but they all suffer the common disadvantage of

requiring a relative comparison with a reference reflector. -
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Such schemes also demand a significant amount of time as
they involve making measurements at discrete frequency
intervals. It appears however, that the transfer function
technique developed by Seybert and Ross [l14] and Blazer and
Chung [15] for making 1impedance measurements in tubes
containing air may also be appropriate for making

measurements in tubes containing water [22].

1.4 Objectives and Approach

1.4.1 Statement of Problem

This thesis will investigate the feasibility of
adapting the two-microphone technique to allow impedance
measurements in water. This necessitates the development of
suitable transducers which are insensitive to structure-
borne noise 1in the tube wall, and which <can be mounted
inside the tube without perturbing the field. In addition,
signal processing techniques which allow the transfer
function to be performed on pulses captured at suitable
moments of overlap between the incident and reflected fields
in front of the tube”s termination must be developed. We

will refer to this technique as the two-hydrophone method.

Such a technique <combines the advantages of the two-
microphone method (no reference required, very short
measurement time), with the advantages of the pulsing

technique (measurements possible at various pressures, small

build up of tube wall vibratioms).
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PAGE 13

1.4.2 Organization of Investigation

This study can be broadly categorized into three
phases. The first phase was involved with the theoretical
concerns in adapting the two-microphone method to the pulse
tube, principally the signal processing procedures that had
to be followed to allow the use of pulses in the tube. Next
adaquate transducers had to be developed for the measuring
scheme. This second phase entailed a considerable amount of
time as a wide variety of transducers and testing procedures
were developed before a suitable transducer was found. In
the final phase, measurements were performed with the
transducers to compare the traditional standing wave ratio

method with the two-hydrophone technique.

Chapter 2 presents the theoretical development of both
the standing wave ratio method and the two-microphone
technique, and concludes with the specifics of how the two-
microphone method can be adapted for use with pulse tubes.
Chapter 3 describes the development and testing of the
various transducers. The experimental procedure and a
discussion of the experimental results 1including a
comparison of measurements made on sample surfaces using
both the standing wave ratio method and the two-hydrophone
technique are presented in Chapter 4. Chapter 5 discusses
the conclusions and presents recommendations for future

work.
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CHAPTER 2

THEORY

In this chapter we develop the theory of both the

standing wave ratio method and the two-microphone or
transfer-function technique for measuring the complex
impedance of a surface. Adapting the two-microphone

technique to making pulse measurements in water-filled tubes
is then discussed. Both these methods are valid only for
planar wave propagation, so that the tube in which the
measurements are to be performed 1is assumed to be operating
below 1its first cutoff frequency (i.e. the wavelengths are

long compared with the tube diameter).

2.1 The Sound Field at the Tube Termination

Once a plane wave propagating inside a tube reaches the
tube termination, 1t will reflect back and combine with the
incident wave. The magnitude and phase of the returning
wave will depend on the particular termination of the tube.
Figure 1 shows the configuration at the termination. The
incident plane wave Xej(Wt-kx) is partially reflected,
represented by EeJ(Wt+kx). The phase {information {s
contained tn the complex magnitudes 3 and B. The total

pressure on the 1incident side of the reflector 1is given by

the sum of the incident and reflected fields (dropping the
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time dependence):

B(x) = Re~Jkx 4 poikx (2.1)

= K(e”Jkx 4 gelkx, (2.2)

where K=E/K=Rej¢, is called the reflection factor, and is
the ratio of the complex amplitudes of the reflected and
incident waves. The magnitude of R can vary between 0 and
1, and the phase can vary from O to +180°. The pressure can

be rewritten as follows:

B(x) = R(e JkX 4 Relkx 4 ge-ikx _ g ikx, (2.3)

- 25[(1--1-{)e'ka + 2Rcos kx] (2.4)

The first term in the above expression represents a
travelling wave progressing toward the reflector, the second
term represents a standing wave. For R=1, i.e. ZA=B, the
field consists entirely of the standing wave. The more
energy transmitted through the termination the smaller R,
and the greater the amplitude of the travelling wave
component of 2.4, and the smaller the amplitude of the
standing wave component. The magnitude of the pressure P =

(P '5*]1/2 at any location x, is given by:

P(x) = [R(elk® 4+ Re~JkXyg*(o=dkx 4 g* ikxyj1/2 (5 s,
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[
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Figure 1. 1Illustration of agjﬁgcident Ke-ka ’

and Reflected, Be » Plane Wave
Near the Tube's Termination
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’A[1+Re_j(kx_¢)e_jkx + ejkaej(kx"a) + R2]1/2 (2-6)
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P(x) = Al + RZ + 2Rcos(2kx-0)]1/2 (2.7)

r-ore

1’3

Figure 2a shows the effect on the pressure distribution P(x)
of varying the magnitude of R=rel? for @=0. It can be seen
that the 1location of the nodes and antinodes remains the
same, but that the ratio of the maximum to the minimum
decreases with decreasing R. The pressure magnitude at the
nodes and antinodes is spaced equally above and below A. the
magnitude of the incident wave. The nodes are increasingly
well defined for R approaching 1, until at R=1, the nodes go
to zero, indicating no transport of energy in the standing
wave.

Figure 2b shows the effect of three different phase
terms § =0° and i90° of R=Rej¢, for a constant magnitude of
R=1. The ratio of the maximum to the minimum magnitude now
stays the same, but the nodes and antinodes are shifted to

the left or right depending on whether #§ 1s positive or

S RRARARE

negative. For 9=0, the magnitude 1is a maximum at the

terminat{ion while for ¢=i90°, the magnitude of the standing

wave pattern 1is shifted ¢to the 1left or right by kx= 7w/4
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2.2 The Standing Wave Ratio Method H

o

an g

To see how the complex reflection factor can be

1

determined from the pressure magnitude, and thus the

acoustic impedance of the sample surface, the reflection

factor is rewritten as follows [2]:

R = Rel? = peimo (2.8)

with ¢=70 or oC=¢/7 ., The pressure in the tube (Equation

2.7) becomes:
P(x) = A[l + RZ + 2Rcos2(kx-mo/2)]1/2 (2.9)
The phase term mo/2 can be written as:
mto/2 = [k/(21/A)]no/2 = kAo/é& (2.10)
so that 2.9 becomes:
P(x) = A[1 + RZ + 2Rcos2k(x-Aro/4)]1/2 (2.11)

The minimum and maximum points of the pressure occur

respectively when

cos2k(x=- Aog/4) = + 1 (2.12)

Subgtituting back into 2.9 and defining SWR as the ratio of -

the maximum pressure to the minimuym pressure:

SWR = pray/Poia = (L+ R2 + 2R)1/2 = 14g (2.13)

(1 + rRZ + 2rR)1/2 "1-Rr
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or, by inverting 2.13, the amplitude of the reflection
i factor can be written in terms of the standing wave ratio

as:
R = SWR-1/SWR+1 (2.14)

This formula can be wused to find the magnitude of the
reflectien factor, given that the ratio of the pressure
maximum (antinode) to the pressure minimum (node) is known.
The 1location of the pressure wminimum or maximum
relative to the absorber surface is used to find the phase
(@=mc) of the reflection factor. Since the minimums are
more sharply defined than the maximums, especially for low
values of absorption, the distance of the node from the
sample surface 1{s usually measured. For any termination
condition, the magnitude of the standing wave is a minimum

for the following condition:

cos [ 2k(x Ao/4) ] = -1 (2.15)

min

or:

2k(x Ao/4) = (2n + 1)7 n=0,1,2,3,... (2.16)

min ~

The first null occurs when n=0, and corresponds to:

[
~

X X

nin 4= ~/2k = 2/4 (2.17)

and the location of the pressure ainimum is:

Xpin = (M)A + 7)) = (Va)(1+9/ w) (2.18)
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The reflection factor phase § can be written in terms 4
of x4y, 38 follows: ;
3
@ = o = {"[xmin/( A/4)] -1} = ﬂ(&fxmin/c - 1) (2.19) ;
1

such that the complex reflection factor R in terms of the
standing wave ratio (SWR) and the location of the first node )
-
(xmin) becomes: J

R = (SWR-1/SWR+1)edT(4fxp /e -1) (2.20)

The impedance can be determined from the reflection
factor as described below. The specific acoustic impedance
of the surface is defined as the pressure divided by the

normal component of the velocity of the sample surface:
2n = p(x=0)/u(x=0) (2.21)

where the velocity 1is related to the gradient of the

pressure by Euler”s equation:

u(x) = -i/kpc %2%&1 (2.22)

Substituting the original expression for the pressure field
(see Equation 2.2) into Equation 2.21, and using Equation
- 2.22, the surface Impedance can be written in terms of the

reflection factor as:
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N jkx+- -jkx = 1
. x=0 _ A(e Re )x=0 . 1+R e (2.23)
s n u__ -jA, dkx_ ., = -jkx B =
5; x=0 EEE(C jkRe )x=0 1-R .
:
» i
1 @

T

. L B . - e e A N Do e IR . L
Ta e . atalaa’ala’ st atmiok oo Sl P S el



T ,v???,v?T._
',.E RS . .

]v‘—v‘v TV |."Y'v"'—'.| Dy

z

v o

T
B

~— — R R RO S
A A0LA rih o o el A A M/ Sl it i T RS

PAGE 22

The surface impedance of the termination, relative to the

characteristic impedance of the fluid medium, pc, is then:
Z = Z/pc = (1+R)/ (1-K) (2.24)

Conversely, the reflection factor can be written in terms of
the surface 1mpedance of the termination and the

characteristic impedance of the fluid medium as:
R = (Z, = pc)/(Z, + pe) (2.25)

In short, to measure the complex reflection factor or
the surface 1impedance of the termination by the standing
wave ratio method, one measures the maximum and minimum
pressure in the acoustic pressure field, and the distance of

the first minimum from the termination.

2.3 The Two-Microphone Method

The two-microphone or transfer function method of
measuring the acoustic 1impedance is a variation of the SWR
technique. It involves measuring the pressure field near
the tube termination simultaneously at two separate
locations of known distance from the sample surface, and
then reconstructing the sound field assuming it consists of
an incident and reflected plane wave, Figure 3 shows the
configuration near the tube termination where the sound

field is measured at points 1 and 2, at distances of X, and
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Figure 3. Location of the two hydrophones,
X1 and x,, relative to sample
surface at x = 0O,

-
» P

!

— etk d

é
-
L
E}
b
3
-




T T

e ™ e W W Sw W W T W % T %

T T — D -~ - - = -

PAGE 24
x, respectively from the sample surface. for pure tone
excitation, the pressure consists of a standing wave field

as in Equation 2.1. The pressure at each point can be

written as:

- . s - s jwt
p(xl,t) = PleJWt = (Ae ka1 + Be-]kxl)e
(2.26)

s s wt
(Re~ KXy 4 Folkxy)el

p(x2at) = FZth

where A =2eify and B =Bej¢B denote the amplitude and the
phase, referenced at x=0, of the incident and reflected wave

respectively. Dropping the time dependence of the pressure,

P1 and ?2 bec ome:

i3 e~ Jkxyp  gedkx

|
-
fl

(2.27)

P e~ Jkxy | geikxy

rol
[
[}

By measuring the pressure ?1 and Fz at points x, and Xg the

coefficients A and B can be written as follows, (using
Cramer”s rule):
- —
= jkxy -jkxq 5
°1 e e P1
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= kx = jkxy 5 —jkx1 _ 5 -jkxy
Plej 2 - p,e i Poe P,e
ejk(xz-xl)_e-jk(xl-xz) ejk(xz-xl)_e-Jk(xl—xz)

(>~
|

The reflection factor R=B/A , <can then be written in terms
of ?1 and ?2 as:

5 ~ikxy _ 3 -jkxo
Pze Ple

R =B _ (2.28)

I pedix2 -5 ikl
If the tube 1s excited by broad-band, stationary
(ergodic) random noise, the pressure in each narrow

frequency band of analysis c¢an be <considered as harmonic
with a randomly varying amplitude [17]. The ©pressure at
points 1 and 2 in a narrow frequency band, fB can then be

written as:

-~

Pl(xl,t,f )

5 A(fB,t)ej(wct_kcxl)+3(fB’t)ej(wct+kcx1)

(2.29)

- N jlugt=kex2) - jlunt+k X2)
PZ(XZ’t’fB) A(fB,t)e +B(fB,t)e c c

where the tilda denotes a stationary random variable, and kc

= “c/c = 27fc/c, where fc is the center frequency of the

frequency band f, under consideration.
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The same analysis as before can be carried out, except
that the data must be frequency analyzed and statistically
averaged to determine the mean or mean-squared value of the
data. The average value of the ratio of the pressures as a
function of frequency, P,(£)/P,;(f) is the transfer function,
denoted by H(f) = H(£)ed®(f)s yhich denotes the gain and
phase variation, as a function of frequency, between the
points 1 and 2. The signal processing procedures for
estimating the transfer function are described 1in Appendix
C. The reflection factor R, written in terms of the
transfer function H(f) beconmes:

1—*(f)e-jkxl - oIz

(2.30)
jkx = jkx
e 2 _ H(f)e 1

=
I

For cases when R is independent of frequency, H(f) is a
periodic function of frequency, repeating itself after an
interval corresponding to a half wavelength separating X,
and x,. Computed examples of H(f) for R = -1 (pressure
release (water—-air) boundary) are given in Figure 4 for two
different receiver locations. Refering to the figure, the
lowest frequency dip in H(f) occurs when Xo is at a minimum
in the pressure field. Next, a peak occurs at a frequency
where x, is in a minimum and so forth, The periodicity of
the transfer function in the two computed examples, does not

change, even though the values of the receiver locations X,
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Figure 4. Magnitude and phase of the transfer function, -
H(f), computed for an ideal pressure release
surface (R = -1) when the hydrophone separa-
tion, S = 1",and the two-hvdrophone unit is »
at two different locations from the surface. -ﬂ
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and X, change, because the relative separation distance
X,-x, remains the same. The phase difference between ?l(f)

and P,(f) 1s 0% or 180° for R=l, and the dips or peaks of
the magnitude ratio approach zero or large values.

When making measurements on highly reflective surfaces,
data 1in the regions of the large dips or peaks are not
valid. For separation distances between microphones equal
to the half wavelength under analysis, the transfer function
becomes 1indeterminant. For greater separations, the
transfer function becomes indecipherable from separation
distances of a half wavelength smaller. This ‘"spatial
aliasing” is analogous to frequency aliasing during digital
analysis wusing time sawmpling, when the time signal is
sampled slower than two times per period.

In summary, the two-hydrophone technique is valid for
frequency ranges corresponding to a half wavelength of
hydrophone spacing. In actual practice, R(f) will also vary
as a function of frequency, which will result in more

complicated patterns for H(f).

2.4 The Two-Hydrophone Method in the Pulse Tube

In adapting the two-microphone method to the pulse
tube, the 1initial concern had been for the potential
increase in coupling between the fluid-borne sound field and
the structure-borne noise 1in the tube walls. For this
reason it was felt that the tube should be ensonified with

pulses rather than by a continuous source. Later analysis
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indicated that the technique could also be performed using
continuous excitation. Nevertheless, to allow comparison,
the more involved signal processing procedures required for

the pulse technique were developed and are presented in the

next section.

2.4.1 Signal Processing Procedures using Pulses

For the transfer-function technique to be performed
using pulses, the pressure field sampled by the two
receivers must consist of both the incident and reflected
fields, simutaneously. Figure 5 {llustrates the sampling
time available after a pulse is reflected off the sample
surface and combines with the part of the pulse still
incident upon the surface. No measurements can be taken
until the leading edge of the reflected pulse passes the
second receiver at Xy , or a distance of 2x2 , Where xg 1s
the distance from the ¢top of the tube to the second
receiver. Again, no measurements can be taken after the
trailing edge of the incident pulse passes the receiver at
X9 When the pulse reflects off the bottom junction and
returns to the top of the tube, it could interfere with
measurements if the sampling takes place while the pulses
combine. The maximum pulse length is therefore twice the
length of the tube. For a pulse of this length the leading
edge of the pulse reflected from the bottom termination
would arrive at positi{ion Xq just behind the trailing edge of

the same ©pulse. These pulse lengths can be converted to
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Figure 5. Illustration of how the sampling time T can
be shown to depend on the pulse duration of
the incident wave and the distance of the
furthest hydrophone, Xy from the sample
surface.
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pulse durations by dividing the propagation velocity by the
pulse length.

Figure 6 shows an actual 6 msec, 2 Khz pulse received
at the top of the water-filled measurement tube. The first
pulse corresponds to the 1incident pulse superimposed with
the reflected wave from the top surface. The two subsequent
pulses are the initial pulse after reflecting off the bottom
of the tube. Each subsequent pulse received 1is of lesser
amplitude, indicating energy 1lost either at the top or
bottom junctions. The propagation velocity in the tube was
determined by measuring the exact distance travelled between
successive pulses. The resulting value of ¢= 1,420 m/sec
+50 m/sec (56,000 in/sec +2,000 1in/sec) was then wused to
calculate the spatial 1length of various pulse durations.
Figure 7 shows the overlap time available for sampling as a
function of pulse duration (in milliseconds) for various
values of Xg the distance to the second transducer position
Also indicated 4is the maximum pulse duration permissible,
based on the 1length of the tube and the propagation
velocity. It 1is clear that the closer the receivers are
located to the surface, the longer the pulse can be sampled.
However, by locating the probe too close to the sample
surface, near—~-field effects resulting from the termination
may effect the measurement results.

The sampling time T, places a linit on the frequency

resolution of the spectrum analysis. Refering to Appendix
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Figure 6. Time history of the pressure field measured near
the air surface of a water-filled acoustic tube
for a 6 msec, 2 kHz incident pulse.
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C, the transforms used in estimating the transfer function
can only be evaluated over the perliod T, resulting in a
frequency resolution of Af=1/T. This could lead to bias
errors if the data contains sharp spectral peaks.

Another significant factor is the separation distance
s=(x2-x1). A high value of <coherence between the two
transducers 1s desirable to keep the random errors small.
This can be accomplished by keeping the units as close to
each other as possible [13]. However, if the receivers are
too close the accuracy of the low-frequency measurements
will be reduced because the phase difference between the two
receivers will become smaller, the longer the wavelengths
propagating in the tube. The presence of the receivers in
the tube may also create 1local disturbances or scattering
effects in which the presence of one transducer affects the
pressure measured at the location of the other unit. The
receivers should therefore be separated far enough apart
such that these 1local disturbances do not affect the
measurement, although this is difficult to determine except
empirically.

The separation distance s also determines the
fundamental frequency of the periodic transfer function
H(f), (See Figure 4). In base-band frequency analysis, the
measurements can be performed up to a frequency for which
the separation distance s is a half wavelength {15]. Figure
8 shows this upper frequency limit as a function of the

separation distance s, between x; and x,.
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Figure 8. Upper frequency limit of two-hydrophone
technique as a function of transducer
separation distance § = X, = Xy




[

Ty

Yy Ly
¢ L,

L3

Yoy L ¥V TV AR A DAL AL 4 r. o R )
ARURIUIIUES SARAPNIUNLY & e o
- PR . [N
R ER N . 4 o -,
P | a0 Vo P

|_an a0 o s o

PRENPUE R DU R N S

PAGE 36

In summary, certain tradeoffs must be considered when

determining the pulse duration and the location of the

transducers in the tube. The most important are as follows:

1.

Pulse duration: Longer pulse durations allow greater
sampling time and thereby increased frequency
resolution and less bias error, but result in greater

time for fluild-tube structure coupling to take place.
Increasing this coupling could increase the level of
the "reverberent field” in the tube which could reduce
the signal-to-noise ratio and increase the random and
bias errors.

Transducer separation: Closer transducer separations
result in broader frequency ranges of analysis and high
coherence, but also increased interference effects
between receivers and reduced phase resolution,
especially for longer wavelengths.

Termination distance: Locating the transducers close to
the tube termination reduces the bias error and allows
somewhat more sampling time, but may 1increase errors
from near-field effects close to the sample surface.

These considerations are investigated in more detail in

the experimental portion of the thesis (see Chapter 4).
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TRANSDUCER DEVELOPMENT AND EVALUATION

The most <critical experimental constraint in adapting

(NPT &

the two-microphone method to water-filled tubes, 1is the
availability of suitable transducers to measure the pressure

field inside the tube. This chapter describes the

g N

development of transducers units fo:s wuse in the pulse tube,

and the evaluation procedures to determine their suitability

for use in the two-hydrophone technique.

3.1 Transducer Selection and Construction

Measurements that are made to determine the impedance
of materials in air using tubes, are typically done using
commerically available sensors. Generally these are wall-

mounted pressure transducers or small diameter microphones

that are 1inserted directly 1into the ©pressure field [14].
Likewise, hydrophones for measurements wunderwater have two

possible designs that could be used with the pulse tube: 1)

N

wall mounted or 2) internally mounted or suspended

.
s

hydrophone transducers.
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Wall mounted transducers are inserted in the tube wall,

with the active area as nearly flush as possible with the

~l‘l.4|.l

inside diameter of the tube to avoid perturbing the internal

acoustic pressure field. Although avoiding the problem of
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disturbing the measured pressure distribution, such
transducers may be susceptible to mechanical vibratiomns in
the tube wall itself. In the water-filled tube, such
structure-borne vibrations could significantly affect the
measurement results. Internally suspended transducers
should avoid the problem of wall vibrations in that they are
suspended inside the tube with as little mechanical support
as possible. Their presence inside the tube may, however,

perturb the pressure field being measured.

A total of five different transducer designs were
eventually tested for use in the measuring schene. Initial
efforts were focused on two different wall-mounted
hydrophones since thig configuration formed the <closest
analogy with the transducers wused for air measurements.
After it became apparant that the mechanical sensitivity of

the wall-mounted hydrophones precluded their wuse in the

water~-filled tube, efforts were devoted to developing an
internally suspended PVDF (Polyvinylideneflouride) thin
film hydrophone. Two designs were developed, both of which

proved unsatisfactory for reasons explained in this chapter.
Finally, a small dimension PZT (lead =zirconate titanate)
composite transducer was designed. This suspended type
hvdrophone exhibited both a low mechanical sensitivity and a
minimal perturbation effect on the acoustic pressure field
inside the pulse tube, thus making it the most acceptable

choice for use in the two-hydrophone technique.
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3.1.1 Wall-Mounted Transducers

T

1

Two wall-mounted transducers were tested for use in the

PR

pulse tube: the commercially available Celesko LD-25 and a

.« e w
’ R
P AT

custom-made PZT wall-mounted hydrophone.

) N

Pt
o

The Celesko LD-25 is a flush-mounted PZT transducer

used for a variety of dynamic pressure and acoustical

P T S SN )

measurements in both air and water. It has a nominal

acoustical sensitivity of -213 dB ref 1V/uPa and a

mechanical sensitivity of 159 dB ref 1uPa/g as specified by

the manufacturer.

The custom-made wall— mounted unit was modeled in part
on the LD-25 wich certain modifications, in an attempt to
achieve a lower mechanical sensitivity. It consisted of a
small cylindrical PZT crystal, surrounded by coroprene and

encased with RTV silastic in a brass plug, which could be

screwed into the tube wall. The mechanical and acoustical
sensitivities are described in Section 3.2.1. A schematic 3

‘Y
of both transducers is given in Figure 9. Both vall-mounted 'i

=
units were rejected for wuse in the measurement scheme as o4
will be discussed in Section 3.2.1. ;
3.1.2 PVDF Transducers .

After ruling out the possibility of using wall-mounted
transducers for the 1impulse tube, a novel, internally
suspended transducer was developed and tested which utilized

PVDF plezoelectric film. This transducer will be described
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MICRODOT CONNECTOR
No. 3301 0-RING GROOVE (AN-6227-B-7)

3/8-32 NEF-2

+0.005

]—— b 0,437
11/16 —=

— ~7/8 —

fe— 1.250 — SILASTIC

COROPRENE

0.312
‘ /PZT CRYSTAL
i

s = —— Fo.2%
0.062

8 __‘ -0.218 + 0.005
0.030 x 45°

3/18 - 24 UNF - 2 THREAD

Figure 9. Schematic of the two different types of
wall-mounted hydrophones investigated:
the upper unit was a commercial procured
Celesko LD-25; the lower unit was custom-
made by the author.
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in some detail, since it was a strong contender for use in

-u the two-hydrophone technique for much of the period of the

thesis research. ”

Much research has been done on the piezoelectric

.l properties of thin film polymers 1in the last decade,

especially after the discovery in 1969 by Kawai of the

3 strong piezoelectric effect in polyvinylideneflouride (PVDF)
E. [23]. PVDF is a semicrystalline polymer, which, when
?i permanently polarized exhibits significantly higher
.:i plezoelectric activity than other polymers. Its
iﬁ plezoelectric and mechanical properites, including 1its

flexibility, ruggedness and low acoustic impedance, have 1led
to its 1ncreased application in audio frequency, wultrasonic

and underwater transducers. The piezoelectric activity in

PVDF is descibed briefly in Appendix D. PVDF sheets are

commercially available 1in a variety of thicknesses and

sizes.

Sessler [23]) gives a good review of PVDF“s physical
properties as well as some current applications. Sullivan
and Powers [24] describe a PVDF flexural disk hydrophone
with a sensitivity of -200 dB ref 1V/.Pa. DeReggi et al.

[25], developed a piezoelectric polymer probe for ultrasonic

applications with the principal advantage of minimally

!

perturbing the acoustic field. The transducer probe

developed for this thesis is modeled 1in part on this latter
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design. Similar pobes are described by Shotten et al. [26]
and Bacon [27]. PVDF film was choosen specifically because
its characteristic impedance 1is closely matched to that of

water.

It was felt that PVDF thin film hydrophones would have
two advantages over conventional hydrophones in the pulse
tube. The very thin sensing area should provide a good
resolution of the standing wave field in the tube. Also the
large cross-sectional area could possibly average out some
of the local disturbances over the cross-section of the tube

(including higher-order modes).

Two different PVDF probes were developed for testing in
the tube. The original was made from piezoelectric material
obtained from the Kreha Corporation of America, consisting
of pre-poled and stretched 30 wmicron thick sheets metalized
on each surface with aluminum. The probe itself consisted
of a sheet of PVDF film stretched between two stainless
steel rings of 1 15/16" outside diameter, 1 9/16" inside
diameter and 1/8" thickness. The aluminized surfaces of the
film were etched wusing couventional photolithographic
techniques so that an active circular area of 1 7/16" was
left f{nside the rings. A jig was built to maintain the

tension of the film inside the rings while they were glued
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together. The rings and Piezofilm were positioned in the :ﬂ

jig by three small pins. The jig itself is shown in Figure
10. The film was placed between the two rings, stretched
tight by hand and then secured 1in the jig by several wing
nuts holding the bottom and top together. The rings were
cemented using room-curing epoxy, and held together with a
weight placed on top of the fixture. After drying, the
excess film was trimmed from the circular rings to yield a
circular, taut membrane probe which could be inserted inside
the impulse tube. Fine wires were attached with conductive
paint to the aluminized surfa:e and soldered to an
intermediate pad attached to the suriace of one ring for
mechanical stress relief. A shielded twisted pair of wires
encased in teflon was then soldered to the pad to form the
leads. The metal ring of this unit was found to
significantly perturb the acoustic field in the tube and was

replaced by a second-generation PVDF probe described below.

The second-generation PVDF probe was of a similar
design, but differed in the construction materials. More
sensitive, nickel coated PVDF sheets of 110 micron thickness
were obtained through the Pennwalt Corporation. The rings

were formed of more acoustically transparant Lucite which

was annealed at 158° F for twelve hours prior to transducer
8 assembly. The inside diameter of the Lucite rines was 1/16"

greater than for the metal rings of the first-generation

‘.
E’ unit.
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Figure 10. Schematic of jig used to assemble the
PVDF thin film material onto the
stainless steel or lucite support rings.
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Two of these newer units were constructed in a similar
fashion as for the stainless steel units using the jig for
assembly. Fine wires were again attached with conductive
paint to the metallized surface and terminated on the Lucite
rings on small metal sockets glued into the rings into which
fine wire leads could be inserted. Each unit had 3 evenly
spaced holes on the same radius, into which small Lucite
pins could be inserted to separate the two units a fixed
distance apart. Smaller holes were drilled between the 3
pin holes to enable passing the lead wires from the bottom
transducer through the top transducer to make insertion into

the pulse tube easier.

The final assembled wunit or “"probe"” consisted then of
two transducers, held apart at a known separation which
could be wvaried by using different pin 1lengths. The
location of the two units in the tube could also be reversed
quite easily by detaching the wire 1leads, reversing the
units, reinserting the connecting pins and finally
reattaching the wire leads. A bakelite rod was attached to
the uppermost unit so it could be screwed in and out of the

unit to facilitate positioning the probe into the tube.

Although significantly less perturbing of the acoustic
field than the first-generation design, this transducer was

also rejected for reasons to be explained in Section 3.2.3.
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3.1.3 Composite PZT Transducers

PZT-polymer composites are a falrly recent innovation
to 1lmprove the hydrostatic sensitivity of PZT ceramics.
Basically, drilling holes in a sintered PZT block and back-

filling the holes with epoxy, decouples the d33 and dqgy

piezoelectric coefficients, thus enhancing the d3h
hydrostatic charge <coefficient. See Appendix D for more
details. Using PZT-composites, relatively high

sensitivities c¢can be obtained from fairly small sample

sizes.

Two sample composites fabricated at the Material
Research Laboratory at The Pennsylvania State University,
were obtained from A. Safari. The <construction of the
sample composites is detailed in reference [28]. The
samples were between 2 and 3 mm in thickness with a square
surface area of approximately 0.4 cn?. Fine wire leads were
attached to the poled surfaces wusing conducting epoxy, and
the entire unit was then potted 1in butyl rubber. The
resulting transducers exhibited sensitivities of between

-210 to -215 dB ref 1V/pyPa (see Section 3.2.1).

To maintain a constant separation spacing between the
two PZT <composite transducers and to allow insertion into
the tube, two transducers were affixed to a 1/8 1inch
diameter bakelite rod with small rubber O-rings. This rod
could then be inserted through the wupper termination and

attached to the top of the tube.
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3.2 Evaluation of Transducers .

The primary criterion for accepting or rejecting any
particular transducer was its ability to accurately measure
the acoustic pressure near the tube termination without

significantly perturbing the pressure field. Four tests

were devised during the course of experimentation to
evaluate the performance of the individual transducers or
the two-hydrophone probes as follows:
1. Measurement of the mechanical sensitivity of the
individual transducers.

2. Measurement of the acoutical sensitivity of the
individual transducers.

3. Measurement of the 1insertion loss to determine the
effect of the probe on the pressure field.

4. Measurement of the transfer-function H(f) at the tube’s
termination using the transducer probe to evaluate the

performance of the probe in an actual measurement
configuration.

Each test, 1its significance and the performance of the

individual transducers or probes will be discussed

separately in the following sections.

3.2.1 Measurement of the Mechanical and Acoustical

POV NTRY)

l Sensitivity ]

F! Due to the 1increased tube-water coupling in the pulse T
= tube, the mechanical pick-up of the transducers could alter
the measured pressure response. This was 1investigated in

e =

E- the following tests. |
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Figure 11 shows a schematic diagram of the experimental N j

set-up to measure the mechanical sensitivities of the i

various transducers. For the wall-mounted transducers, a

- sample tube of short length was fashioned with the same

I. diameter and thickness of the ©pulse tube into which the
R units could be inserted. This was to avoid drilling holes
in the existing facility before it was known whether such
p. transducers were appropriate. The mechanical sensitivity of
ﬁif the 1internally suspended transducers was measured in the
; actual pulse tube. A complete description of the pulse tube

is given in Section 4.1.

Pure tones generated by a Rockland Frequency
Synthesizer were amplified with a McIntosh 75 watt power
amplifier and fed to an LC-32 hydrophone projector mounted
on the bottom end of the tube. A flat spot was machined on
the top side of the tube wall, on which a BBN 501
accelerometer was mounted with Super glue to monitor the

radial wall acceleration.

The transducer wunder evaluation was wmounted either

"

internally or in the tube wall, close to the location of the

il ol alhond,

accelerometer. The water level was kept well below the

position of the unit so that the transducer output could be 1
E‘ attributed solely ¢to the tube wall acceleration. The li
%* outputs of the transducer and the accelerometer were i
o amplified and filtered with Ithaco model 257A preamplifiers. i
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Figure 11. Experimental set-up used to measure the mechanical
sensitivity of the hydrophones in the water-
filled pulse tube.
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Spectral analysis was performed by a Spectral Dynamics
SD~375 or SD-360 dual-channel digital spectrum analyzer, and

the output was recorded on a Hewlett-Packard 7004B X-Y

recorder.

The accelerometer was calibrated by the manufacturer

and has a flat frequency response (+3dB) up to 40,000 Hz and

a mounted resonance frequency of 65,000 Hz.

The acoustical sensitivity of each of the transducers
was determined by lowering the unit down inside the tube
along with a small calibrated ™ZIT transducer, and making
relative cowuparisons in response for 1incident pure tone
pulses. The theoretical sensitivity of the ¢two PVDF
hydrophones designs and the PZT composite transducers was

also calculated as follows (see Appendix D):
Stainless steel PVDF transducer:
My = g3t = (90 * 1073 v-m/N) (30 * 1076 a) (3.1)
= -231 dB ref 1V/uPa

Lucite PVDF transducer:

=
[

o = 83pt = (90 * 1073 vom/N) (110 * 107® @)  (3.2)

= =220 dB ref 1V/uPa

’

T et

L

t

e ) ) . e . Y . P . LI . e i PRI U0 TP N
AR PP Aeateadiaiitchie aub bbb doiindiuindaing




e v i 2 et 20 S e W AR A e ootk AU auh ik RNACI A - et A S
—— i Y A A .

PAGE 51

R PZT Composite Transducer:
My = g3t = (15 * 1073 v-n/N) (2.3 * 1073 m)  (3.3)
= ~209 dB ref 1V/yPa

where g3 1is the hydrostatic plezoelectric voltage
coefficient, provided by the manufacturer, and t 1is the
thickness of the transducer in the 33 direction. These
values agreed reasonably well with those measured, with the
exception of the sensitivity of the PZT composite
transducer, which had a 3-4 dB sensitivity drop across the
transducer leads (see Appendix D).

With the above values for the mechanical and acoustical

sensitivities, the equivilent acoustical output resulting

from the mechanical vibration was determined. Figure 12 %
summarizes the response (dB ref 1 yPa/g) of all the i
transducers tested. The mechanical response of the PVDF :
transducers was almost 30 dB lower than that for the wall ;
mounted hydrophones. The response of the PZT composite
transducers was 20 dB lower than the response of the PVDF J
u
transducers.
To determine the significance of the mechanical pick-
up, a measurement was performed on the pulse tube wall to .

determine the acceleration levels for typical acoustical

signals. The measurement was performed as before, except

,b that the acceleration of the tube wall, as measured by the
-8
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BBN accelerometer, was normalized by the measured pressure
response of a calibrated LC-10 hydrophone inserted in the
water at the top of the tube. Great care was taken to

isolate the LC-10 from the tube wall itself.

Figure 13 shows the acceleration level of the tube wall
relative to the measured sound pressure level 1in the water
at the top of the tube. It can be seen that there are
relatively higher acceleration levels around the 20-30 kHz
region. Picking this region as the worst case tube wall
acceleration level, the percentage of the acoustical signal
that would result from the mechanical acceleration was
determined for each transducer. Over 30 percent of the
signal output would result from the wall acceleration, using
the wall-mounted transducers. The PVDF and PZT units fared
much better in that less than 1% of the signal output level
resulted from the tube wall acceleration for the worst case
frequency region. For this reason, the wall mounted units
were rejected as candidate transducers for the 1impedance
measuring scheme, and the remaining tests were performed

only on the internally suspended transducers.

3.2.2 Measurement of the Insertion Loss

The perturbation effect of the internally suspended
transducers was more difficult to analyze. To get an
initial impression of the effect of the transducers on the
sound field inside the tube, an insertion loss measurement

was performed as described below.
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Figure 13. Measured acceleration level of pulse tube
wall normalized by the acoustic pressure
inside the tube.
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The 1insertion loss was determined by comparing the
levels of pure tone pulses transmitted and received by the
LC-32 hydrophone, 1located at the bottom termination of the
tube. A sweeping oscillator swept through a frequency raunge
from 3-35 kHz and the magnitude of the return pulse was
measured and recorded wusing a Hewlet-Packard Network
Analyzer interfaced with a HP-9825B computer. The magnitude
of the return pulse with and without the two-hydrophone
probes inserted at the top of the tube (10 cm below the

water-air surface) was then recorded as shown in Figure 14.

The insertion 1loss can be determined from the 1level
difference of the return pulses as compared with the no-
insert case. The stainless—-steel PVDF probe has a
significant effect, especially above 25 kHz. The Lucite PVDF
probe has a minimal effect, and no level difference
whatsoever could be detected with the composite PZT probe

inserted into the tube.

The perturbation effect of the stainless-steel probe
was also corroborated by other measurements made wusing the
transducer, including distorted standing wave ratio
measurements. For this reason it was also rejected as a

candidate transducer.

Referring back to Figure 14, the frecquency dependent

pressure level in the tube can be seen. There 1is a
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| STAINLESS-STEEL PVDF
15 PROBE INSERT

NO INSERT AND FOR
PZT COMPOSITE INSERT

LUCITE PVDF
PROBE INSERT

SOUND PRESSURE LEVEL (dB)

- -25 1 1 1

1
0 10 20 30 40
FREQUENCY (kHz)

Figure 14. Measured pressure level in tube showing insertion
loss for stainless-steel, lucite and PZT-
composite probes.
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significant dip below 10 kHz and a gradual decline in

L]

pressure level toward the higher frequencies, the

v

-

significance of which will be discussed in the next section.

v

" - 3.2.3 Measurement of the Transfer Function

RS ot at A

The final test performed on the Lucite PVDF probe and 3

Ty
e, “'

the PZT composite probe was a measurement of the transfer 3
ti- function H(f) between transducers 1 and 2 near the tube i

termination. This test was to simulate the use of the probe

in an actual measurement configuration. The coherence 1

function (see Appendix C) was also recorded. %

Figure 15 shows a schematic diagram of the experimental

set-up. The output of a General Radio type 1390-B random
noise generator was filtered with an Ithaco 4112 bandpass
filter, gated to a 10 msec pulse with a Dranetz series 206
digital tone burst timing generator and amplified with a
McIntosh 75 watt power amplifier. The amplified, gated
signal was fed to the LC-32 mounted on the bottom end of the
tube. The outputs of the two transducers in the probe were
anplified and high-pass filtered with 1Ithaco model 2574
preamplifiers. The output of the preamplifiers was then
gated with a Scientific Atlanta receive gate according to a

receiver "delay” and receiver "on” pulse command sent from

- the Dranetz pulse generator. Spectral analysis was

-

é; performed by a Spectral Dynamics SD-360 or SD-375 dual-

S

1 @ channel digital spectrum analyzer by ensemble averaging. 1
t 1
.
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The output was recorded on a Hewlett-Packard 7004B X-Y

recorder.

Figure 16 shows the <coherence function and the
magnitude and phase of HA(f) for a pressure release surface
(air), using the PVDF 1lucite probe. The transducer
separation, “s“, was 2.54 cm (1 inch) and the uppermost
transducer was approximately 2.54 c¢cm (1 1inch) below the
termination. Pulses of 10 msec duration were used for the
measurement, which corresponds to the sampling time T for

the analysis range selected (0-40 kHz).

Figure 17 shows the same measurements using the P2ZT
composite probe. Both these figures can be compared with
the theoretical transfer function for the same

configuration, as given in Figure 4.

Both similarities and differences are apparent between
the two measurements. There is a large dip in the coherence
function in both measurements corresponding to the frequency
where the second transducer 1Is in a node in the standing
wave field. A high value of coherence extends down to
around 3 kHz with the PZT composite prove, while the
coherence drops significantly below 10 kHz for the PVDF
lucite probe. The coherence seems to vary considerably

above 26 kHz in both measurements.
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;} Generally, the magnitude and phase of the transfer i
i‘ function measured wusing the PZT composite transducers E]
= closely resemble that of the theoretical transfer function ;
as given in Figure 4, in the range from 3 to 26 kHz. The :ﬁ
e
ratio of the maximum to minimum magnitude of H(f) is limited ;?

to around 48 dB. There is a phase discrepancy due to the

fact that the transducers were not calibrated in the above

measurement.

The Lucite PVDF probe does not appear to perform as
well. There are large phase shifts over the measurement
range which could be due to diffraction effects. The
magnitude of the transfer function also appears to be
distorted, with a maximum to minimum ratio limited to around
28 dB. The <coherence dips significantly below 10 kHz and
again in the range from 15 to 20 kHz, as well as above 26
kHz. The large drop inm coherence below 10 kHz may be due to

the fact that the sound pressure level in the tube drops

significantly in this region, as can be seen in Figure 14.
The higher sensitivity of the PZT composite transducers ;f
extends the measurement range to almost 3 kHz at the lower -

end of the spectrum.

Based on this relative comparison of the transfer
function and coherence measurement near the tube
termination, the PZT composite probe was chosen for use in

the two-hydrophone impedance measuring technique. It offers
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a broader frequency range of analysis, with a phase and

| PR

magnitude estimate of the transfer function much closer to

e

that of the theoretical.

3.3 Effect of Pulse Length

P PR

To ascertain the effect of the pulse duration on the

measured transfer function, the previous measurement was
repeated for wvarying pulse durations, using the PIZIT
composite probe for the measurement. No significant
differences were found for pulse durations larger than 10
msec, the approximate sampling time for the analysis range
employed. The tube was also ensonified continuously and the
measurement repeated, as shown in Figure 18. Again no
significant difference was detected in the measured transfer
function for the pressure release termination. This
somewhat surprising result indicated that the more elaborate
signal processing procedures described in section 2.4.1, to

allow the use of pulses in the tube, are unnecessary when

applying the two-microphone method to water—-filled tubes. f
All subsequent measurements were performed by continuously
exciting the tube, to simplify the signal processing

procedures. 5

3.4 Calibration of the Two-Hydrophone Probe

} Referring to Figures 4 and 18, showing the theoretical

ﬂ. and measured transfer functions for a pressure releasec

ig termination, there 1is a consistant phase discrepancy :
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continuous excitation.
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apparant. This is due to a relative difference in the phase
response of the two individual transducers in the measuring
probe. A relative difference in the magnitude response
would also effect the measured magnitude of the transfer
function. This section explores <calibration procedures to
correct for such relative differences in response between
the individual transducers used in the two-hydrophone probe.

As can be seen from Equation 2.30, only the complex
pressure ratio Fz(f)/Fl(f) is needed to calculate the

complex Impedance or the reflection factor of a particular

termination. Since the absolute pressure at pcints 1 and 2
is not needed, it is not necessary to caiibrate either
transducer individually, but only the magnitude and phase

response of one relative to the other.

Two different calibration techniques are discussed in
the literature. Blaser [l5]) describes a switching technique
in which the two microphone sensors are interchanged for
each measurement. Seybert [l4] discusses 2 plane-wave
technique, in which the two microphones are exposed to the
same plane-wave field at the termination of a tube and the

transfer function between the two units measured.

The switching technique is not as convenient in the
water filled tube because it is time consuming to switch the
transducers for each measurement performed and the

transducers must be allowed to stabilize in the tube after
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being inserted. For this reason an alternative technique
was Iinvestigated which the author will <call the modified
switching technique. Seybert” s plane — wave technique was
also investigated and a comparison made between the two

calibration results as described below.

J.4.1 Modified Switching Technique

The switching technique as described by Blaser ([15]
involves switching the transducers for each measurement
performed. In the wmodified switching technique, the
transducers are only interchanged once, to obtain a relative

calibration valid for all subsequent measurements.

The measurement scheme for both techniques can be
represented by Figure 19, where H;; and H;, represent the
complex transfer functions between the pressures in the tube
at points 1 and 2, and the measured response after being
received by the transducers, amplified, filtered and
transmitted to the spectrum analyzer. The desired transfer
function H(f), is equal to ?z(f)/ﬁl(f) where ﬁl(f) and Fz(f)
are the complex Fourier transforms of the pressures measured
at locations 1 and 2. The 1initial measured transfer
function ﬁ”i(f) is equal to ?iz/?il, where Yil and ?12 are
the Fourier transforms of the measured pressure from

channels 1 and 2. Here “channel” refers to the entire
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transduction <chain, including the transducer and all
subsequent amplifiers, filters and cables. The measured

transfer function can be writ_.en as follows:
A(E) = 93/3 = (Hpp By)/(Apy Bp)

(3.4)

= (B, /B )ACE)

where H(f) is the desired complex transfer function.
If the transducers and channels are now switched, (see
Figure 19) the measured transfer function can be written as:
aMS(f) = ¥5/%5 = (Hy, F,)/(Hy, By)

(3.5)
= (A, /R,) B(E)

By taking the geometric mean of ®Mi(f) and EMS(f) as

follows:

(Mg gMs gy l/2 - ((App/Bpp) B(E) * (Hp{/Hpy) ﬁ(f)]llz

(3.6)

= H(f)

oy

Atas & B
e

the relative phase and amplitude differences between the two

—

. channels cancel, and the desired transfer function <can be
=
2
2 measured. This 1s the  microphone switching technique
[
4
£ described by Blaser. As discussed however, it is difficult
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Schematic of modified switching technique for

calibrating the transfer function (a) initial
configuration and (b) switched configuration.
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and time consuming to switch the transducers for each :

measurement. To arrive at a relative calibration, Equations

3.4 and 3.5 are equated as follows:

ace) = BMice) (Bpy/Rpy) = BMS(E) (Hp,/Hp)  (3.7)

fl_ The relative frequency response of the two channels is then:
-

. Ay (£)/Hp () = [EMS(gy/aMice) 1/2 (3.8)

:f: This quantity is 1independent of the pressures being

;f; measured. It is dependent only on the transducers, filters
=

and amplifiers wused in each channel. It can be measured

once and stored in the computer such that only ﬁMi(f) or
HMS(f) in Equation 3.7 is necessary to compute the desired
transfer function for each measurement taken.

Theoretically, this calibration should work regardless
of the location of the units in the tube, as long as the
pressure field does not change in the course of switching
the transducers. Changes could occur if, 1) the units are
not reinserted in exactly the same position relative to the
termination of the tube, 2) the presence of one unit effects
the other in an unsymmetrical fashion, or 3) the acoustical

system changes during the course of the measurements.

TS
Sl
@

The modified switching technique was performed as
described above, using the PZT composite transducer probe
with a 2.54 cm (1 inch) traansducer separation, on a pressure

release termination with the uppermost unit 2.54 cm below
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the air surface termination. The tube was continuously
excited by broad-band random noise (1-35 kHz) and spectral
analysis was performed, as in Section 3.2.3, with the output
of the spectrum analyzer interfaced with a PDP-11 computer.
The relative frequency response ﬁIl/ﬁIZ, calculated using

Equation 3.8, is shown in Figure 20.

3.4.2 Plane-Wave Technique

The plane —wave calibration technique is less involved
than the modified switching technique, in that only one
measurement 1s performed with the transducers inserted to

the same depth relative to the top of the tube.

The measurement configuration is detafiled in Figure 21.
In this case the relative frequency response EII/EIZ can be
obtained by measuring the transfer function ¥,/Y, between

the outputs of the transduction chain.

This calibration was performed by inserting the
transducers side-by-side, just below the water-air interface
at the tube termination. The measured ratio, HII/HIZ is

?

given in Figure 20.
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MAGNITUDE HIl / H12 (dB)
o S

(a) "7- \"."-‘\"I
_Jof-  MODIFIED SWITCHING TECHNIQUE
80
60
40
20
(b) MODIFIED SWITCHING‘.TECHNIQUE

[
- "‘-”
-
-
"‘

v

PHASE Hl’l / HIZ (deg)
[e=)

PLANE-WAVE TECHNIQUE

FREQUENCY (kHz)

Figure 20. Transfer function calibrations for the
PZT composite hydrophones measured using
the plane-wave and the switching techniques.
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Schematic of plane-wave technique
for calibrating the transfer function.
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3.4.3 Comparison of Modified Switching Technique and Plane—

Wave Technique

There are some differences in the relative calibration

P UY LUUTTRITR GV FLPSPLPUIT AL S S0 Wiy SR

using the two techniques as can be seen in Figure 20. The

Sl

dip in phase or the corresponding amplitude peak around 15

Al

kHz in the switching technique calibration 1is due to the
fact that the transducer at 1location X9 was 1in a node.
Generally, the magnitude response from one technique 1is

within 3 dB of the other in the frequency range from 12 to

','il-, N I IO P ¥4 N

30 kHz. The phase response is within 10 degrees throughout

the frequency range.

The measurements were repeated to get some idea of the

variability of the results. The plane-wave calibration was

Ly ‘I | XN BN RN BN P I

consistently repeatable to within +1 dB and to within a few

3

degrees throughout the frequency range. The modified

O . § PP

switching calibration was more variable, possibly because of

the difficulty in exactly relocating the probe 1in the tube

after the transducers had been interchanged. As a result,
the plane~-wave calibration was choosen as the more reliable
technique. It also avoids the problem that either one of

the transducers could be located at a pressure node at

certain frequencies.
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sample rubber absorbing material mounted on 1/2 inch thick

CHAPTER 4

{i
EXPERIMENTAL PROCEDURES AND RESULTS :ﬁ
._':
-3
e,
o
The two-~hydrophone technique was implemented in the lq
existing pulse tube facility at the Applied Research fj
Laboratory using the PZT composite transducers described in fi
il
- 4
the previous chapter. In this chapter we present a Fﬁ

comparison of experimental data collected from complex
reflectivity measurements on three simple terminations using _3
both the standing wave ratio method and the two-hydrophone gﬂ
method. The experimental procedure is described in detail, .
including a preliminary measurement to determine the precise :E
£
sound velocity in the tube. i
The three terminations consisted of the following: 1) -i
pressure release (air), 2) 1/2 inch thick steel disk, and 3) E;
. 4
'l
K

steel disk.

The first termination was a simple system for which the

- theoretical reflectivity could be easily calculated. The

. second termination consisted of a c¢ylindrical stainless-

Lg
-o *

RN

g

i
steel disk, 49.2 mm in diameter (1 15/16 inch) and 12.7 mm Lj
(1/2 inch) in thickness. For the absorbing termination, a §

6.4 wm (1/4 1inch) thick sample of rubber material was

sY 8
[T
"

- . :
mounted on the rigld steel disk. Both the latter samples ~

o A4
A ul.
Nt

were backed by 1l inch of water for the measurement. 8
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4.1 The Measuring Facility

All measurements were performed on the existing pulse
tube at the Applied Research Laboratory at The Pennsylvania
State University. The facility consists of a 8.53 meter (28
foot) stainless steel tapered pulse tube mounted vertically
and supported by a flange at the top. The upper part of the
tube has an inside diameter of 5.08 cm (2 inches) and a wall
thickness of 1.27 cm (1/2 inch). The tube is filled with
distilled water and kept at a constant temperature of 20° c.
The bottom of the tube is terminated by a LC-32 hydrophone

which can act to ensonify the tube and to receive signals.

To determine the range of planar propagation in the
tube, the two wall-mounted transducers were flush-mounted in
a 1/2 inch thick <cylindrical steel disk, which was then
inserted at the top of the tube to form the upper
termination. Figure 22 shows the relative phase response
between these two transducers, using the LC-32 for broadband
excitation (0-100 kHz) of the tube. The gradual changes in
phase response between the two units up to a frequency of 40
kHz can be attributed to the phase variations 1in the
frequency response of the individual transducers. Above 40
kHz, the large fluctuations ate due to higher order modes
propagating in the tube, or from disturbances from the tube
wall structural vibration. All subsequent measurements were
restricted to frequencies at least below 40 kHz

to insure

that only planar waves would be propagating in the tube.

PO U

o

re
gt

W

T R

IO

A4




T—

T T T

P B Bem sune Nha St

L Baduiium adt Sad 4

Kot

PAGE 76

o b wii pi ol MECERRY Al ad o

*sapouw 1aplo 1ayl3Ty
jo uotje8edoad Surmoys uoFleuTWID] §,9qnl e paansedu
S120npsuell Ae[IJWIS om] ud9Mmlaq asuodsax aseyd aATIERIIY

(ZHY) AONINO3IYS

001 06 08 0. ow 0s oy 0¢ 02 01
r

LI J I ! I I 1 1

*Z¢ 2and14
O912-
ost-
l..OOl

-
= g
>
0 ®
=
8
06
081
Jorz

COE WP - N

PR TG

2 0

ainmaindeale




oA |
et e
R O
N

PAGE 77

e ey e
Al ks

R 4.2 Determination of the Phase Velocity F

An accurate determination of the phase velocity in the
tube 1is necessary for precisio: measurements wusing the
standing wave ratio technique or the two—-hydrophone method. ;
This velocity may differ from the free-field sound velocity

due to the compliance of the tube wall as explained in

| SO

Appendix B. A simple measurement was described in Section “
2.4, in which the sound velocity was determined by measuring i
the propagation delay time between successive pulses. A %
value of ¢=1420 m/sec +50 n/sec was obtained. By referring ;
to Equation 2.19, the relative error for the phase of the %

complex reflection factor can be determined as a function of

frequency. An error of +50 m/sec in the determination of
the propagation velocity would result in an error of +12
degrees for the value of the phase of the complex reflection

factor at a velocity of 1420 m/sec at 15,000 Hz.

A more precise measurement can be performed by
determining the distance between successive nodes in the
standing wave for a particular frequency [16]. The

frequency can be accurately determined to within +50 Hz

using the spectrum analyzer with a bandwidth of 20 kHz, and

r e the distance between nodes can be determined to within +.5
. -
k; mm by measuring the volume of water added to the tube.

ﬁﬁ R The measurement was performed by inserting one PZT
9

%Z composite hydrophone 1in the tube approximately 2.54 cm (1
p
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inch) below the water-air interface. The tube was
ensonified with broad-band white noise (3-30 kHz) and the
magnitude of the acoustic pressure at the hydrophone
location was measured by ensemble averaging using the 5D-360
spectrum analyzer. At this location, the node cccured at
15050 Hz (+50 Hz). Without <changing the hydrophone
position, water was added in milliliter increments until the
second node at 15,050 Hz was measured at the hydrophone

position with the new water level.

In this fashion, the wvalue of A/2 (the distance
between nodes) at 15,050 Hz was measured to within i.S mm .
The resulting propagation velocity was determined to be
c=1440 m/sec +20 m/sec (56,700 +800 in/sec). This velocity
was within 1.5% of the value determined form the Korteweg
formula (see Appendix B), for a steel tube of 2 1inches
inside diameter and 1/2 inches in thickness. The resulting
error in the phase of the reflection factor would then be

reduced to +5 degrees at 15,050 Hz.

4.3 Experimental Technique

This section details the experimental technique
employed to measure the complex reflectivity using both the

standing wave ratio method and the two-hydrophone method.
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?ﬂ ) 4.3.1 Standing Wave Ratio Measurements
. In the standing wave ratio method, the magnitude of the
complex reflection factor is determined from the ra.io of
! the maximum to minimum acoustic pressure level in the
standing wave. The phase is determined from the location of
the first null relative to the sample termination (see
Equation 2.19). The following experimental procedure was
implimented to measure the profile of the standing wave

field as a function of distance from the tube termination.

A schematic of the experimental set-up 1is given 1in

Figure 23. The tube was ensonified continuously with broad-

band white noise (1-30 LkHz) and spectral analysis was
performed wusing the Nicholet single channel spectrum
analyzer and ensemble averaging. The position of the

hydrophone was moved relative to the sample termination by
using the bakelite rod, with the postion marked against a
reference ruler attached to the top of the tube. A small
slot was formed on the outside edge of the two sample disks
to allow insertion of the rod between the edge of the sample

and the inside edge of the tube wall. The hydrophone was

moved at 1/4 inch increments, starting at 1/4 inch away from
the sample, over a distance of 3 inches. The magnitude of
the acoustic pressure as a function of frequency was

recorded for each locatlon.
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: |
JRULER ]
. ]
GENERAL RADI0 BAKELITE _ _; ;
1390-B ROD 3 1

NOISE GENERATOR ITHACO

257A
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SAMPLE 1 :
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4112 N ICHOLET :
440-B
BAND o———1
ANDPASS FILTER poT SPECTRUM ANALYZER
L 4 3
T HYDROPHONE T 1 .
POWER AMP 70048 ‘-
Figure 23. Experimental configuration for standing wave
measurements in the water-filled pulse tube.
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The resulting series of graphs, such as in Figure 24,

were manually transposed to yield a series of plots of
pressure magnitude versus location (i.e. the standing wave)
in the tube at a particular frequency (see Figures 25 and
26). Referring to Figure 24, it can be seen that the
pressure fields measured at the various locations cannot be
differentiated below 7 kHz and again above 25 kHz.
Therefore, the analysis range was restricted to intermediate

frequencies.

As the accuracy of the technique is highly dependent on
precisely 1locating the position of the node, only
frequencies were chosen for which the hydrophone position
was in a node in one of the original pressure versus
frequency curves. In some cases, the position of the

hydrophone corresponded to the second node (see Figure 26b).

The magnitude of the reflection factor was then
determined from the standing wave ratio and the phase from
the position of the node relative to the termination as in

Equation 2.19.

4,3.2 Two-Hydrophone Measurements

The two-hydrophone technique requires the measurement
of the complex transfer function between the acoustic
pressures at two locations of known distance near the sample
termination under evaluation. The complex reflectivity or

impedance can then be determined from Equation 2.30. The
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st L
o KEE

-10-~ _:
(a) A
and '1
-30k 0—0--0--O~ 9.2 kHz :
L=V ‘°~.o~
o° ~Q

1
/7

12.0 kHz (b)

PRESSURE LEVEL (dB)
s

0-0--0-
L0 -0

N4 N2

-70 1 ll L 1 ll 1 1
1 2 3 4

DISTANCE FROM TERMINATION (inches)

Figure 25. Standing wave field measured for a pressure
release termination (air) at frequencies of
(a) 9.2 kHz and (b) 12 kHz. Wavelength tic
marks were computed assuming a wave
velocity of 1460 m/sec.
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-10F  13.7 kHz (a)
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19.7 kHz (b)

PRESSURE LEVEL (dB)
5
1
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0 1 2 3 4 2
DISTANCE FROM TERMINATION (inches) |

Figure 26. Standing wave field measured for pressure
release termination (air) at frequencies g
of (a) 13.7 kHz and (b) 19.7 kHz. Wave- ;
length tic marks were computed assuming :
a wave velocity of 1460 m/sec.
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experimental set-up to measure the complex transfer function

H(f) is described below.

Figure 27 details the experimental configuration. The
two PZT composite hydrophones were attached to the bakelite
rod as described 1in Section 3.1.3, with a separation
distance of 2.54 cm (1 1inch). This allowed analysis over a
30 kHz bandwidth as described in Section 2.4.1. The rod was
inserted into the tube so that the uppermost wunit was 2.54
cm (1 inch) away from the sample surface under evaluation.
The tube was continuously excited by an LC-32 projector with
broad-band noise (1-30 kHz), and the complex transfer
function between the two hydrophones measured with a dual-
channel Spectral Dynamics SD-360 FFT signal analyzer. A
total of 512 ensemble averages were taken and the real and
imaginary parts of the transfer function transmitted to a

PDP-11 computer.

The data was corrected by the relative calibration
obtained using the plane-wave technique as described in
Section 3.4.2 wusing Equation 3.7. The complex reflection
was them computed wusing Equation 2.30. The output was
printed on a Tektronics digital plotter by -employing
software written by the author along with Tektronics”

Plot-10 graphics software package.
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4.4 Presentation of Data

The complex reflection factor measured wusing the
standing wave ratio technique described in Section 4.3.1 and
the two-hydrophone technique described in Section 4.3.2 is
presented in the next three sections, each section dealing

with the specific termination under evaluation.

4.4.1 Pressure Release Termination

As the characteristic 1mpedance of air (pc=428 MKS

Rayls) is much smaller than that of water (pc=1.48 * 106 MKS

Rayls), air forms an effective pressure release termination
for water-filled tubes. The theoretical complex reflection :

factor can be determined using Equation 2.25 as follows:

zZ, -2 (4.1)

oL

where ZA is the characteristic impedance of air and Z° is

. v
ezt

the characteristic impedance of water. The theoretical

value for the reflection factor is then:

PEYVEY . & "BRATH

R = (.28 - 1.48 * 10%)/(428 + 1.48 * 106)

[y

- e r
b

= -1.00 = 1ed”

R T

.«
DR

The measured coherence function and the magnitude and

7
IS

phase of the transfer function for the two-hydrophone

cw .

measurement is given in Figures 28 and 29 respectively. The
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Measured coherence between the two PZT
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Figure 29. Measured transfer function between the two
PZT hyd ophones at x,=1" and x2=2" for the
--se . air termination.
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$ 1
: coherence is unity in the range from 3-21 kHz except in the :}
i frequency region for which the second hydrophone was in a !J
N

! o
. node. All subsequent analysis was restricted to this region o
N

» e
? of high coherence to insure repeatability of the results. 0%
D o
'- ;
: The measured transfer function for the air termination 3
5 can be compared to the theoretical transfer function lﬁ
j; computed for a pressure release termination shown in Figure ;J
! 4., There is excellent agreement for both the magnitude and ;i

phase values in the range for which the <coherence 1is

approximately unity.

R § OACAENEREN

E- The complex reflection factor, computed from the

Ee

. measured transfer function is shown in Figure 30. The two- i
hydrophone data has been smoothed somewhat. Also indicated

are the values measured from the standing wave ratio
technique at the discrete frequencies for which data was

available.

The magnitude of the reflection factor from both

measurement techniques is very close to the theoretical

value of unity. The standing wave ratio data differed from

o o
.

the two-hydrophone data by at most 10%

The measured reflection factor phase varied within +30 !ﬂ
degrees from the theoretical value of -180 degrees. The
measurement results from the two methods are consistant to

within 20 degrees except at the high frequencies. The phase !:

. v e
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values from the two-hydrophone technique appear to be
consistently biased as a function of frequency either above
or below the theoretical value of -180 degrees. This could
be due to an inaccurate placement of the hydrophones in the

tube as will be explored further in Section 4.5.2.

4.4.2 Steel Disk Termination

The measured coherence function from the two-hydrophone
technique measurement of the 1/2 inch thick steel disk is
shown in Figure 31. There are sharp drops in coherence
corresponding to frequencies for which the hydrophone
positions were in a node. In addition, there is a broader
dip in coherence in the frequency region from 16 to 19 kHz.

The coherence also deteriorates above 21 kHz.

The measured transfer function A(f) 1is given in Figure
32. This can be compared with the theoretical A(f) computed
for a rigid termination presented 1in Figure 33, There
appears to be good agreement except in the region from 16-19
kHz. The drop in coherence in this region corresponds to an
extra peak in the magnitude, and widely fluctuating values

in the phase of the measured transfer function.

The complex reflection factor is shown in Figure 34.
The magnitude estimates from the standing wave ratio method
are consistantly lower than the values from the two-

hydrophone measurement. The extra peak 1in the transfer

function in the region from 16-18 kHz corresponds to a large
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0 10 20 30
FREQUENCY (kHz)

Figure 31. Measured coherence function between the two
PZT hydrophones at x,=1" and X =2" for the
case of an air-backeé 3/8" thick steel disk.
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Figure 32, Measured transfer function between the two . ;
PZT hydrophones at x,=1" and x2=2" for the '
case of an air-backeé 3/8" thick steel disk. -
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Figure 33. Theoretical cslculation of the transfe:
function for an ideally rigid termination.
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Figure 34. Comparison of the reflection factors for
the air-backed 3/8" thick steel disk using
the standing wave technique (circles) and
the two-hydrophone technique (solid lines).
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E dip in the measured reflection factor magnitude. Data in
'.' this region should be discounted. The smaller dip around 8

f; kHz also corresponds to a region of low coherence.

. The phase estimate of the reflection factor differs

g e, v eyt
,'...-_Ill'.'-"'

. significantly between the two techniques. The standing wave
f ratio data 1is consistently almost 90 degrees greater than ?
the two-hydrophone data below 16 kHz. The consistency of 5
Y

the phase error suggests an additional bias error perhaps
due to an 1initial displacement error in locating the
hydrophone for the standing wave ratio measurements. There

is also a discontinuity in the phase estimate around 16-18

kHz, in the region of low coherence. The reflection factor
phase estimate from the two-hydrophone measurement 1{is
consistent with data reported by Meyer et al [16] for a 12
mm thick iron disk measured in a similar tube, as shown by

the "x“s” in Figure 34b.

4.4.3 Absorbing Sample Termination

The coherence, transfer function and reflection factor

data for the absorbing sample is presented in Figures 35, 36
and 37, respectively. There are no sharp drops in the s
coherence function below 20 kHz, indicating that the surface

was not reflective enough ¢to generate sharp nodes 1in the 5

;f standing wave field. There is again a hump in the magnitude

estimate in the range from 16-18 kHz, which i{s the same

O | SRNERUESSSIFIESY o

Ei . region of erratic data as for the steel disk, although the
-
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Figure 35. Measured coherence function between
the two PZT hydrophones at x.,=1" and
x.=2" for the case of an absorbing
sample termination.
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Figure 36. Measured transfer function between the two
PZT hydrophones at x,=1" and x2-2" for the
case of an absorbing sample. 5
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Figure 37. Comparison of the reflection factors for
the absorbing sample using the standing
wave technique (circles) and the two-
hydrophone technique (solid lines).
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coherence in this region does not drop. The standing wave
ratio data and the two-hydrophone data are generally

consisteént to within 20% of one another.

The phase estimates for the reflection factor are
within 20 degrees of one another except for the one standing
wave ratio data point at 20 kHz. The phase of the
reflection factor exhibits a transition around 15 kHz, which

was measured using both techniques.

It was not immediately apparent why the coherence
consistantly dropped above 20 kHz for all the terminations
tested. The region from 20-30 kHz however, does correspond
to higher tube wall acceleration levels (see Figure 13),
which may 1introduce noise 1into the measurement. The
pressure level in the tube 13 also decreasing in this region
(see Figure 14), which may lower the signal-to-noise level
and decrease the coherence. Finally, the finite size of the
transducers themselves may produce scattering at the higher

frequencies.

4.5 Precision of Measurement Results

To accurately measure the complex reflection factor
using either the standing wave ratfio mnethod or the two-
hydrophone technique, great care must be taken 1in the
experimental procedure. Significant errors can result,
especially in the measured value for the phase of the

reflection factor, by inaccurate est{mates of the location
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of the transducer(s) in the tube relative to the termination
under evaluation. Errors in the measured phase velocity in
the tube will also affect the value of the phase of the

reflection factor.

From an experimental viewpoint, the standing wave ratio
method places greater demands on both the experimenter and
the experimental hardware, in that the location of the
transducer in the tube must be precisely determined for a
number of measurements over a range of locations in the
tube. In the two-hydrophone technique, modern signal
processing considerably reduces the time 1involved in the
measurements, because the transducers are positioned in the
tube only once. However, once positioned, any inaccuracies
in placement will affect the entire measurement. This could
lead to considerable bias errors in the measurement of the
reflection factor phase. Such errors are especlally
difficult to detect for measurements on surfaces of unknown
impedance. Random and bias errors also occur from the
signal processing procedures in the two~-hydrophone

technique, which are discussed in Appendix C.

This section will investigate the extent of the errors
resulting from the tolerance of hydrophone placement in both
the standing wave ratio method and the two-hydrophone method
in an attempt to explain some of the inconsistencies in the

measurement results as presented in the preceding section.
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In addition, the effect of the tolerance in the measured é

. phase velocity will be discussed. q
v s
E& - 4.5.1 Precision of Standing Wave Ratio Measurements :
;z Equation 2.19 which 1is repeated here, can be used to 5
!! find the error as a function of frequency, of the reflection 3
) factor phase: 3
e
'. ¢ = mlCbfxg  /c) - 1] (4.2) QJ

The location of the node (xmin) could be resolved to
within +1/8 inch (+3mm) wusing the PZT composite probes for

the measurement. Assuming a velocity of 1440 m/sec in the

Sy n._’m. [

tube, the absolute value of the phase measurement was

determined for each extreme (+3mm, -3mm) at each frequency,
and is plotted 1in Figure 38, for a theoretical reflection

factor of R=-1 (pressure release).

The absolute range of the error is the span along the y
axis, between the two lines at any particular frequency. As
can be seen in the figure, the error at 20 kHz is

approximately +15 degrees around the correct value of -180

"
1
E

degrees.

The phase velocity, measured as described 1in Section

4.2, had a value of 1440 m/sec +20 m/sec. Using Equation

T T

4.2, the absolute error in the reflection factor phase was

LS

determined for a pressure reiease termination as a function

-~
a
5 ’..‘ ..'
>

- of frequency, for the given phase velocity tolerance, +20 F

v
0

i
.

m/sec, and is also plotted in Figure 38.
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These errors in velocity determination and hydrophone

placement are additive. Assuming both errors are present,
the absolute value of the reflection factor phase error at
the two extreme ranges of velocity and location tolerance is
again plotted in Figure 38. = As <can be seen in the figure,
at 20 kHz, the error is as high as +36 degrees at c=1440

m/sec.

There is also an error introduced from the tolerance of
the frequency measurement (+50 Hz), but this is

insignificant in comparison to the above errors.

The effect of the hydrophone placement tolerance on the
magnitude of the ceflection factor 1is more difficult to
determine. The error is a function of the amplitude of the
standing wave ratio as well as the frequency. The technique
employed for the standing wave ratio measurement, in which
only frequencies which corresponded to nodes at the various
hydeophone 1locations were chosen, should minimize any

potential errors in the magnitude estimate.

4.5.2 Precision of Two-Hydrophone Method

The effects of inaccuracies 1in hydrophone position and

phase velocity on the reflection factor phase, using the “
two-hydrophone technique, were determined for a pressure

release termination as described below.
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The theoretical pressure field at 1location x; and X9
for an ideal reflection factor of R=-1, was determined using
Equation 2.2, and used for the input data of the two-
hydrophone technique. The data was then reconstructed to
yield the reflection factor. When the same parameters (xl,
Xy, C), specified for the input data, were wused for the
reconstruction formula, the reflection factor came out
exactly as specified, which was to be expected. However, by
varying the input parameters used to construct the
artificial data, around their tolerances, and then
reconstructing the data assuming no changes had been made,
bias errors appeared in the phase of the reconstructed
reflection factor. These theoretical induced errors can be
viewed as typical of the measurement errors resulting “rom
inaccurate hydrophone placements in the tube, s 1ia

uncertainty in the phase velocity.

The PZT hydrophones were approximately 1/8 inch thick.
They were located in the tube so that the center of the unit

was within t1/16 inch (11.5 mm) of the specified location

. (X1= 1 inch, Xy = 2 inch) from the sample termination. It
e was then estimated that the acoustic center of the
;! hydrophones could be located to within +1/8 inch (+3 mm) of
re

— the specified value.

b

- A series of theoretical plots werc generated, showing
b

& ] how the reflection factor phase deviates, for various
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S,

permutations of microphone location around their specified

values, in the frequency range from 2 to 22 kHz. Deviation

-
«
P

curves were also generated using the two extreme velocity

values, where the correct hydrophone placement was assumed.

Feaad LR
Lt sttt
. l \ Y I

All of these plots are superimposed on the same graph
in Figure 39. The maximum error can be determined from the .
"envelope” of the outermost lines Iin the figure. The error o
)

resulting from the phase velocity inaccuracy (the innermost
lines in the figure) should be added to this. As can be

seen, an error of almost 135 degrees can result at 20 kHz

for the estimate of the reflection factor phase, based on
the 1location and velocity tolerances in the experimental

procedure.

The magnitude of the reconstructed reflection factor

was not affected for this special case of R constant. It is
to be expected that for cases where R varied as a function
of frequency, some bias errors would result in the magnitude
estimate from variations in hydrophone placement around

their tolerances.

iiz‘.'ﬁtﬂnﬂil.

Additional errors can result from an 1inaccurate

relative <calibration, although the measured transfer

function for the pressure release termination indicates that

LAaaehe & B AN
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the hydrophone calibration errors were relatively small. -

' B
e e
Y L L AL ) PR R B}

LS

v




T TN AL ot i e e e o e i e e e s diurery T T T Ty

PAGE 108

-120,

S A " S o et M —— e

‘140%‘ x1=x1-3mm L x1=x1-3mm
3 x2=x2-3mm
> '1605 1
D 3 !
=2 3 ———C = c+20m/sec E
W -180E
< E ———C =c-20m/sec
o. =
-20&0:E ]
;— x1=x1+3mm |
-220E Xp=Xot3mm i
-
-zmlllllllll'llll!llllllllllJlllllll‘llll_ll

10 20 3) 40 o
FREQUENCY (kHz)

[=X1114

Figure 39. Theoretical error in reflection factor
phase as a function of phase velocity, ¢,
and location, x1 and x,, tolerances using
the two-hydrophsne tec%nique for an ideal
pressure release surface.
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E; In summary, both the two-hydrophone technique and the ;
ai standing wave ratio technique are extremely sensitive to ;
;; errors in the location of the hydrophones relative to the i
E; termination under evaluation, especially in the %
v -

determination of the phase of the complex reflection factor.

R
S 9

The relative effect 1s similar for each measurement »

technique, and of approximately the same magnitude. 2

.

4

e

Referring back to the data for the three sample i

terminations, the phase estimates of the complex reflection j

factor are generally within the above tolerances, with the j

-

possible exception of the the rigid termination measurement. -
Although no error tolerances were determined for the

measurement of the reflection factor magnitude, the results ﬂ

from both techniques were generally consistent to within 20%

of one another.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be made concerning the

use of the two-hydrophone technique to measure the complex

reflection factor in water-filled tubes:

The technique 1s feasible if careful consideration is
given to transducer selection and design. Wall-mounted
hydrophones are not appropriate because of their
mechanical sensitivity and the relatively high value of
the tube wall acceleration 1level. Insertion type
hydrophones must be small enough so as not to perturb
the acoustic pressure field. PZT composite transducers
are well suited in this respect for the measurement

scheme.

The tube can be continuously ensonified to perform the
measurement. The technique can also be performed using
pulses, if proper signal processing procedures are
adopted. Although pulsed signals did not provide any
significant improvements wusing tubes, such methods
could prove valuable in other measurement

configurations (such as 1in anechoic tanks).
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The measured complex reflection factor appears to be
valid only in frequency regions for which the coherence
is approximately unity. For the transducers and tube
configuration in the present study,

the range of high

coherence was limited to a range between 3 and 20 kHz.

The accuracy of the two~hydrophone technique,
especially {in the determination of the reflection
factor phase, is highly dependent on the precision with
which the hydrophones <can be 1located in the tube,
relative to the surface of the sample under evaluation.
This constraint is neither more nor less severe than in
other transmission 1line methods in which the standing

wave filield 1in the tube 1s measured near the tube

termination.

The two-hydrophone technique provides a considerable
savings in experimental effort and time over the

traditional standing wave ratio method.
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The following recommendations can be made concerning f;
ar
. R
] the use of the two-hydrophone technique in water-filled 0_
b tubes: B
:
03
RX 1. It 1is highly desirable to develop a transducer and 3
- l
' mounting configuration in which the acoustic center of ‘{
g the transducers could be located with greater precision h
in the tube. The following recommendations are made in o
l 4
this regard: :g
3
A) A more permanent probe could be devised which could ;ﬁ
be left inserted in the tube. The acoustic center
of the hydrophones could be accurately determined
by measuring the frequencies for which nodes
occured at the two hydrophone 1locations, for a
water—air termination above the probe, which could
be precisely repeated.

B) Thin film PVDF hydrophones may be well suited for

this task if the transducer and mounting

configuration could be devised so as not to perturb

the pressure field. In this regard the author

recommends the wuse of thinner, smaller diameter

[y

X
.
SN aptar!

rings of acoustically transparant material to

suspend the PVDF film. The smaller diameter rings

should also minimize the pick-up of structure-borne

¥ ¢ ¥
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noise.
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C) A means should be devised in which the sample under

evaluation could be more precisely located above

LS g TSN

v

v )
gy

the hydrophone probe. A small groove on the inside

diameter of the tube wall on which the bottom of

Wés U

the sample could rest may be feasible.

2. The wuse of a piston-type hydrophone projector to

5 5@ UIRTRAARN

ensonify the tube may provide higher signal 1levels in
the tube, especially at higher frequencies, which could
improve the signal-to-noise level of the measurements,
and 1increase the range of good coherence to higher

frequencies.
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APPENDIX A

WAVE PROPAGATION IN CYLINDRICAL DUCTS

In this appendix we develop an expression for the sound
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field inside a cylindrical tube by making certain

simplifications regarding the fluid-shell interface.

s B L

The sound field inside the cylinder can be described in

terms of a modal summation of solutions of the wave equation

which satisfy the given boundary conditions [29]. The
solution of the wave equation 1is straightforward in
cylindrical coordinates as outlined below. It {s difficult
however, to obtain an analytic expression for the cutoff
frequencies of the higher-order modes because of the
complicated boundary condition between the fluid-shell

interface, especially when the fluid considered is water.

We are concerned with the higher-order modes only to
the extent of avoiding their excitation as the measuring

techniques described in this thesis assume planar

propagation. However, they are 1iamportant not only in

describing the behavior of the acoustical field within the

-

tube, but also in considering the {interaction of the sound

field with the tube walls.

By making simplifications regarding the tube fluid

R aAnstalasea . oB

boundary- such as «considering the tube to be rigid and the
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fluid inside to exert no loading effects on the tube wall, ¥
general remarks which are illustrative of the physical L
system can be made. g

The cylindrical coordinate system 1Iis given 1in Figure gl

40. Starting with the general form of the wave equation: g
4

2 1 3% 1

V'p(r,0,2,t) = —5 —5 (A.1) :

c® ot £

s

"

and assuming a time-harmonic solution of the form: q

p(r,8,z,t) = P(r,e,Z)ejwt (A.2)

the wave equation becomes:

TS I

2 2 2 N
3_g_+lia+1_3_£+3_a+k2p=o (A.3) X
3t Tt .2 552 522 .

with k2 = w2/c2, using the cylindrical form of the Laplacian
operator. Assuming the spatial function can be separated

into three independent terms,
P(r,8,z) = R(r) x(8)Z(2z) (A.4)

by wusing the method of separation of wvariables, the

differential equation (A.3), reduces to three ordinary
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differential equations:

) =0 (A.5)

(A.6)

2 Z (A.7)

with kr2= kz—kzz. By imposing spherical symmetry on the 6
coordinate, single valuedness requires that m be an integer.
Equation (A.5) represents Bessel”s equation, with a

progressive wave solution of the form:
= 1 (2
R(r) = A (P (x r) + Bry () (k r) (A.8)

where Hm(l) and Hm(z) are Hankel functions of the first and
second kiud, respectively, and order m. Tlhe standing wave
solution is in the form of <cylindrical Bessel and Neuman

functions of order m:
R(r) = XJm(krr) + ENm(krr) (A.9)

Equation (A.6) and (A.7) have as solutions the familiar

harmonic waves:
x(8) = Ceim® 4 po~imé (A.10)

2(z) = EedkzZ 4+ Fe~Jk,2 (A.11)
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Figure 40. Cylindrical coordinate system used in
computing the normal modes of wave
propagation in a circular duct.
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By substituting back into (A.4) and reinserting the time

dependence, the complete solution takes the following form:

.
r‘Kﬂm(l)(ktr) (—Cejmew i?e:'kzz‘W

e

5 5 - 5o~ Ik
\Bﬂmu)(krr) & 3"’9J | Fe kg2

Any particular solution will be some combination of the

three groups of functions, depending on the physical system
and boundary conditions. For finite radius tubes it is more

advantageous to use the standing wave forms for the solution:

4 N

- - - N\
AJm(krr) Ccos mé\ @cos kzz

< > < >< $ (A.13)

\ENm(krr)) szin me Esin k,z

y /

or some combination of the two.
For wave motion inside an infinitly long cylinder,
where the solution must be finite everywhere inside the

tube, the solution takes the form:
- j(wt-k_z+mo)
p = K ed(wesk, Jg(ker) (A.14)

where the values of kr are determined by specifying the

boundary condition at the tube wall (r=R).

For a rigid tube, the radial component of the velocity is
considered to be zero at the tube wall, resultiag {a the

following boundary condition:

3 .
3= Jp(kpr)pag= kpdp (keR) = 0 (A.15)
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or k,R = ap,, where aqp. are the roots of J “( ap,) = O. o

denotes the order of the Bessel function and n denotes the
root number. Figure 41 shows a chart for the values of
Jn C app)=0. [29]
Any particular mode can then be described as:
Pan = Apnlp(Kggr)ed (WE-kzz+ué) (A.16)

a
where kmn'—%2=kr and kzz=k2-km§. This is a progressive wave

solution for waves propagating down an infinitely long duct.
It can be seen that the wavenumber kz =Jk2-km§ will be
imaginary for k2<km§ (i.e. below cutoff). Any particular

higher-order mode with cutoff frequency:

27 27 2TR

=
mn

will not propagate as long as f<f as the exponential

mn?
involving the z coordinate will be entirely real, signifying
an exponential decay of the sound field in the z direction.

The plane wave mode is given by:
Poo = Aedl¥t = k;2z) (A.18)

where kz = k = ;/c. (i.e. the axial wave number is equal to
the free-field wavenumber.)

Figure 42 illustrates the nature of the first few
higher order modes, where the radial pressure amplitude is

given by the magnitude of the Bessel function. The values
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“ataT™®

R 23 A OISR

THE FIRST ROOTS OF Jm (amn) =0

BT LS

LR

0 0 3.83 7.02 10.17
1 1.84 5.33 8.54 11.71
2 3.05 6.71 9.97 13.17
3 4,2 8.02 11.35 14.59

L _'.IILL.LA‘."I_I__{_LH Lo

Figure 41, Tabulation of the value of the roots
of the derivative of the Bessel Function
of the first kind of order m.
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Figure 42. Instantaneous pressure polarity (left)
and corresponding pressure amplitude
distributicn (right) for four transverse
modes of a circular duct with rigid
walls.
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for the cutoff frequency of any particular mode can be . E
ll determined from Equation A.17, where the values for omn are %
given in Figure 41. By referring to the figure, the lowest ?
cutoff mode for the rigid tube 1is given by a10-1.84, £
corresponding to a frequency of Q
flo = RS or A = Tyiy = igg © 2D (4-19)
K
s
i.e. only planar waves will propagate as long as the §
wavelength is longer than twice the tube”s diameter. -
The plane wave mode can be excited at all frequencies, 5
and the presence of higher-order modes when the tube {is ]
excited above their respective cutoff frequencies 1is
dependent on the manner in which the tube 1is excited. If

the excitation 1is from an ideal plane piston it should be
possible to concentrate most of the energy in the plane-wave
mode, even though the tube 1is excited above the cutoff

frequencies of various higher-order modes [22],
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. APPENDIX B 2
5 o
! '
_ THE TUBE-FLUID INTERACTION T
e
This appendix outlines some of the more significant P
LA
mechanisms of the tube-fluid coupling, and the possible :ﬂ

effects on the measuring scheme in question. :

Walter [30] demonstrated experimentally for air-filled
tubes that the primary interaction between the tube-fluid

system takes place at the so called ‘coincidence”
frequencies, where the circumferential order m and phase
velocity of the acoustic mode matches that of the bending
mode of the shell. (See [30] for an excellent description

of coincidence). He also developed an analytical expression

based on a decoupled tube-fluid model which accurately

predicted the coincidence frequencies of air-filled tubes.
Coincidence occurs close to the cutoff frequency of the
acoustic mode. Unlike a plate (from which the analogy is
taken and which has only one coincidence frequency), the
shell-fluid system can have many different frequencies on

account of the dispersive nature of the two systems.

Difficulties can develop from using the decoupled model
to predict the coincidence frequencies or behavior of water-

filled tubes, because the systems cannot be considered

4 independent [ 30]. The dispersion relationships predicted by
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.
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using the wuncoupled model will no 1longer be valid and a .

. o

complicated system in which the shell and fluid are coupled %

Ei must be considered. %
The problem encountered in this thesis is of a simplier %

nature in that the tube will be operating below the first }

cutoff frequency where only the plane-wave acoustic mode is i

considered to be propagating in the tube. There should be &

no problem of severe coupling through coincidence type 2

phenomenon with higher-order bending modes in the tube wall, 3

because the circumferential orders would not match that of

an acoustic plane wave inside the tube.

The axial boundary conditions are not considered, as
coincidence is not associated with a resonance determined by
the axial terminations. The coupling takes place, rather,
as the waves are propagating in the axial direction. There
may however, be coupling near the axial boundaries of the
tube, similar to the coupling causing the edge radiation of

a plate ©below coincidence [31]. The great difference

between wavelengths 1in the tube wall and fluid will
generally cause cancellation due to the incoherency of the
two fields, except near the boundaries, where the volume

flow may not completely cancel. The wave equation would

4
1
!
g
i

have many higher order terms needed to satisfy the axial

boundary conditions, and these "evanescent" waves cause

Y | ST

distortions near the ©boundaries that may 1increase the

coupling.
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The effect of the compliance of the tube wall on the
plane-wave acoustic mode should also be considered. By
ignoring the bending stiffness of the tube (which he shows
to be a reasonable approximation below the “"ring"” frequency)
and treating the tube-fluid interaction as a "local" effect,
confined to an immediate ring area of tube-fluid interface,
Skudrzyk [29] has derived the so called Korteweg formula.
This formula relates the effective propagation velocity of
sound in tubes with compliant walls, with the free-field
propagation velocity, by accounting for the apparent change
in compressibility of the fluid caused by the expanding tube
wall. The ratio of effective velocity to free-field

velocity is as follows:

Ceff - 1 - 1 ’ i
C 0.C.°R p C,°R . (B.1) i
1
° 1+ L1 1+ 2= ]
Eh p,Cy I 1
3
where 0 is the density of the fluid, ¢y the free-field d
sound velocity in the fluid, R is the tube radius, h the d
i
tube thickness, and AE is Young”s modulus for the tube :
material. In the second equation, XE has been replaced by ﬂ
2
I where pw is the density and . is the wvelocity of :
sound for the material of which the tube 1s comprised. It :
-A'. 1
Ej can be seen that the effect of the compliance is to slow
f down the propagation velocity of the plane wave, with the
L i

effect becoming more pronounced for thin-walled or 1large

v
0

diameter tubes.
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For the most part, these added complications can be
overcome be ensonifying the tube with pulses at frequencies
below the first cutoff ([31]. The pulse 1incident upon the
termination of the tube should then resemble a plane wave in
a free-field environment, with the possible exception of the
propagation velocity ©being slower due to the 1increased

compliance of the tube walls,
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APPENDIX C

SIGNAL PROCESSING PROCEDURES AND ERROR CONSIDERATIONS

1
3
)
]

[-_.
N\
i\ 0 R

This appendix describes 1in more detail the signal
processing procedures and error consideration in estimating
the transfer function H(f) = P,(£f)/P (f) of the pressure in

the tube between points Xy and x,.

The transfer function 1is estimated by feeding the
output of the transducers at locations X, and Xy into a dual
channel FFT processor, in this case a Spectral Dynamics
SD-360, which then performs the required signal processing.
This analyzer takes sample blocks of data for each channel
consisting of 1024 samples. The estimated transfer function
is then sent to a PDP-11 computer as 512 real and 512

imaginary numbers for further processing. To better

understand the errors involved, the mathematical details of

the signal processing are given below.

The transfer function H(f) 1s equivilent to the ratio &

.1

of the cross-spectral density between the pressures measured

at locations 1 and 2, normalized by the autospectral density

- e e -
ad 4wt

of the pressure at location 1 [32]: -

G,,(f) =

= 12 5

. H(f) .. (D) (C.1) ,
11 =

AT
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The cross-spectral density or cross-spectrum and the auto-

spectral density or auto-spectrum are defined as follows:

2 *
Gyp(f) = ;if: T E[Plk (£, PZk(flT)] ‘
1 (C.2)
2 * £ T
6,(6) = %i“‘ T E Py (F,T) P ()T
where
T -jwt
Py, (£,T) =of P (Ee dt
T (C.3)
- -jwt
P (i T) [ Py (t)e dt

(o]

are the finite Fourier transforms over the k., record of
length T. The expected value operator E denotes an
averaging operation over the index k.

The integrals are evaluated by taking a collection of
sample records, ng, each of length T, performing the finite
Fourier transforms by an FFT algorithm, and then
performing the expected value operation by averaging the
results. In the case of the fixed point processor, the
sampling time T 1is determined by dividing the number of
block samples by twice the bandwidth selected (i.e. T =
1024/2B) where B is the analysis range. The total amount of
data analyzed {s then T, ..., = n,T. Since the limiting

operation T can never be obtained 1in practice, this
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results in an estimate of the true value of the <cross and }
r
auto-spectral densities: o
n 4
G. . (£) 2 Xd X5 (£,T) Y, (£,T) ;
12 nt LCEE R (C.4)
a k=1 g
.
n M
(5) = <2 10 x* (r.1) X (£.T (C.5) :
G62¢0) = ¢ I X (6,1) X (£,T) ' 2
d” k=1
These estimates are for discrete frequency 1intervals .
seperated in frequency Af = 1/T on account of the digital %

evaluation of the finite Fourier transforms. This interval K

» is determined by the record length T of each sample taken

F" and not the total amount of data analyzed Tiotal = g7

'55 If, when sampling pulses, the record length T is larger
than the pulse length, a certain number of samples, either

at the beginning or end of the sample block, will be equal

to zero. In this case the actual resolution is determined
ax by the pulse length f = 1/Tp. If the input data 1is not

weighted, the values at {intermediate frequency bins will

3

B B e

. D
At s

simply be interpolated [33].

e
v

The above estimation process leads to two kinds of

errors: random and bias errors. It should be mentioned

that these errors are in addition to others that may occur

t

during the experimental procedure. Random errors are a !

scattering of the analysis results from one sample to the X

next of the same random data, and are a result of the fact
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Generally, the random errors are imversely proportional to
the square root of the number of records taken. Bias errors
are consistent from measurement to measurement and are
asssociated with windowing operations, such as that in
Equation C.4 for the spectral density estimate. Bias errors
can also arrise from nonlinearities in the system as well as
from noise present at one input that does not pass through
the systen. The bias errors may be a significant problem
when the data contains sharp spectral peaks.

Bendat aund Piersol [34] discuss approximate error
formulas to be used when estimating the transfer function
H(f) by the forwmula 812/811. Generally such an estimate
will involve both random and bias errors. 1In most cases the

coherence function, defined as:

. C. ()
Yfz(f) = L 12 l
Gll(f) G

22(f) (Cc.6)

will indicate the presence of such errors and is useful for
evaluating their magnitude. Specifically, the normalized
random error for the estimate of the transfer function ﬁ(f)

is given by:

1
2
2
' N 1 - le(f)
e[ [H(E)]] = ;———jjr———- (C.7)
"4 12
for the magnitude estimate, and
i - ‘]. t \
el:(£)] 7 sin - (e[ H(E)]]} (C.8)

for the phase estimate.
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Seybert and Soenarko [13] discuss the random and bias

’ errors resulting form making impedance measurements in tubes :
using random excitation. Briefly, the bias errors can be f
minimized by keeping the analysis bandwidth small, and by ;
keeping the microphone 1locations close to the sample :

surface. The random errors can be minimized by keeping the

coherence high between the transducers (see Equation C.7).

Ed Boa oty o v o

This can be accomplished by minimizing noise sources and by
keeping the microphone spacing small. However, the accuracy

at low frequency measurements will be reduced because of the

decreased separation between the microphones. In addition,
there will be a large drop in the coherence function when
one of the micrcocphone positions coincides with a node in the
pressure field. They also report experimental results fromn
Rapp [13}, who found that the largest errors in measuring
acoustic properties of materials using multiple microphones
was due to the phase angle measurement uncertainty. The
largest error occured when the phase angle was near zero or

180 degrees as for highly reflective surfaces.
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APPENDIX D

PIEZQELECTRIC COEFFICIENTS AND TRANSDUCER SENSITIVITY

- This appendix describes in more detail, the behavior of 2
: the wvarious pilezoelectric transducers considered in this f%
- thesis. E
- -
3

The plezoelectric coefficients most useful for .

4

4

describing the behavior of the transducers in underwater "

L

applications are the piezoelectric charge coefficients d31, ¥

d3g, d33, and the piezoelectric voltage coefficients 831>

839, and 833 - The subscripts refer ¢to the three axes

identifying orthogonal directions in the material, and are

analogous to the X, Y, Z coordinates. The 3 axis is taken

parallel to the direction of polarization in the material.

,g

The first subscript refers to the surfaces perpendicular to

-

K

the axis on which the charge is collected. The second

_ale e

e - .
1

subscript refers to the surfaces perpendicular to the axis

’
1.

on which the force is impressed. The charge coefficients :
dij (coulombs/newton or meters/volt) relates the electric EE
charge E1 generated per unit area to the force Fj applied 'ﬁ
per unit area (direct effect) or the mechanical strain Sj :
produced by an electric fleld By (inverse effect). The $
voltage coefficients 81 j relate the electric field Ey . ;
produced by an applied mechanical stress Tj' At frequencies . ;

far from any resonances, a piezoelectric matertial behaves as
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a capacitor and the charge and voltage coefficients are
related by the dielectric constant 1in the direction

perpendicular to the electrodes.

Sessler [23] <concludes from experimental data on the
temperatur; dependence of the various coefficients, that the
primary piezoelectric activity of PVDF is the longitudinal
thickness effect, described by the 33 coefficients (see
Figure 43). The transverse effect, described by the 31 and
32 coefficlents is due to a lateral constraction of the film
determined by Poisson”s ratio in the 31 and 32 directions

(see Figure 43).

The current application of the transducers is best
described by the hydrostatic plezoelectric constant given by

[23):

—day = d3y + d3y + dj, (D.1)

RS - N
' oo e
. 3] . . » .-

This constant takes into account the lateral contraction in

the 1 and 2 direction experienced by the material as it

) a0 I A s B
. AR
Lt

SN

expands in the 3 directlion (longitudinal effect) in a
hydrostatic field. As the 31 and 32 coefficients are of
opposite sign to the 33 coefficient, the sensitivity will be
lower than that calculated using the 33 coefficient only.

The output voltage of the device 1is then given by 83nt,

vhere gq, = d3h/(3€° and t is the thickness of the film.

K1 is the relative dialectric constant in the 33 direction,

and €y is the permittivity constant.
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3 TRANSVERSE EFFECT

3

Figure 43. TIllustration of the piezoelectric effect
associated with the transverse (upper)
and the longitudinal (lower) deformations.
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ﬁ} The epoxy filling 1in the P2ZT composite transducers
i- * lessens the lateral contractions in the 1 and 2 directions &
;;E , as it expands in the 3 direction, thus enhancing the i
: hydrostatic piezoelectric coefficient. ?
The equivalent electrical circuit of any piezoelectric ;
transducer is a LCR series circuit for the motional ;
-9
impedance arm combined in parallel with a capacitance Co in E
the electrical arm [35]. At low frequencies (well below the g
-

thickness expansion resonance), the circuit reduces to that

'
i

- shown in Figure 44. The voltage response IEO/pr is given

R +-4§ USNN

by:

v

2\ B

[Cey/(CotCryd] (Syy 6y = k2 (5,/0.) = g4t (D.2)

where k2 1is the ratio of the mechanical energy versus the

total energy stored in the plezoelectric material. k2 is

"

called the electro-mechanical coupling coefficient and {is

v
W

equivilent to gijt¢f/8y . ¢f i1s the transformation factor,

and t i1is the thickness between the electrodes. The voltage

Vet R L

response can then be written simply as IEO/pr = gj4t as

.

before.
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Figure 44. Low frequency equivalent circuit for
a typical piezoelectric transducer, .
including the capacitance of the
connecting cable.
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